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Chapter 6 
 
 Symbol  Description  Unit  
 
η* Complex viscosity Pa.s 
G' Storage modulus Pa 
G'' Loss modulus Pa 
δ Phase lag angle or loss angle º (degree) 
ω Angular frequency of oscillation Rad/s 
α Slope of bi-logarithmic plot of G'-ω  - 
β Slope of bi-logarithmic plot of G''-ω  - 
G* Complex modulus Pa 
G(t) Relaxation modulus Pa 
t Time s 
n Relaxation exponent s 
S physical strength of the gel network Pa.sn 
Γ Gamma function - 
ηa apparent shear viscosity Pa.s 
ߛሶ  shear rate 1/s 
A Constant of Arrhenius equation Pa.s 
R Universal gas constant  J K-1mol-1 
T Absolute temperature  K 
Ea Flow activation energy kJ/mol 
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ABSTRACT 
 
Polymer nanocomposites, produced by embedding nano-sized particles in polymeric 
matrices, are a new class of materials. These materials have attracted world-wide attention 
due to their superior mechanical, electrical, thermal and barrier properties as well as their 
outstanding microstructures over the conventional composites.  
A variety of nanofillers have been produced and used in fabricating polymer 
nanocomposites over the past two decades. Graphene nanoplatelets (GNPs) are a new type 
of carbonous nanofiller with extraordinary physical properties, which can be used for 
reinforcing polymers and developing novel materials with multifunctional properties such 
as electrical conductivity. GNP-based polymeric nanocomposites can be used in different 
areas including electrostatic discharge protection, lightening-protection panels, and 
electromagnetic interference shielding (EMI) applications. 
The focus of this research is on the development of electrically conductive biodegradable 
nanocomposites with EMI shielding application. For this purpose, two biodegradable 
polymers, poly (lactic acid) (PLA) and poly (butylene adipate-co-terephthalate) (PBAT), 
were chosen as the polymeric matrices, and GNP was used as the conductive nanofiller. 
PLA/GNP and PBAT/GNP nanocomposites with 0-15 wt% GNPs were produced and 
characterised via different techniques and the properties of the two systems were 
systematically analysed and compared. 
While the glass and melting temperatures of the matrices did not vary considerably with 
GNP incorporation, their crystallisation temperatures exhibited significant increase. 
Furthermore, their crystallinity was affected. In particular, crystallinity of PLA was 
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enhanced significantly. Different trends were detected in variations of the Young's moduli 
of the two polymers with GNP loading; Modulus of PBAT increased continuously with 
increasing GNP content to 15 wt% while modulus of PLA reached a maximum at 9 wt% 
GNPs. 
Thermal stability of the nanocomposites was extensively studied by thermogravimetric 
analysis under both air and nitrogen atmospheres and at different heating rates. Results 
showed that GNP embedding enhanced thermal stability of the polymers effectively. In 
particular, PLA thermal degradation was significantly delayed in the presence of the 
platelets.  
While magnetic permeability of the polymers was not affected by GNP incorporation, their 
electrical properties were significantly enhanced. Dielectric constants of PLA and PBAT 
increased with increasing GNPs, obtaining comparable values for the same GNP content. 
On the other hand, dielectric loss of PLA nanocomposites with 9–15 wt% GNPs was 
markedly higher than that of PBAT nanocomposites. Sihvola's unified mixing rule of 
complex permittivity was used to model the behaviour of dielectric constants and losses of 
GNP-based nanocomposites for the first time.  
As the GNP concentration increased from 6 to 9 wt% (3.5 to 5.3 vol%), an abrupt increase 
was detected in both AC and DC conductivities of PLA and PBAT, indicating the 
formation of conductive pathways of GNPs within the matrices. At 15 wt% GNPs, AC 
conductivities of 7.4 and 3 S/m were obtained for PLA and PBAT nanocomposites 
respectively despite the higher conductivity of pure PBAT compared to that of pure PLA. 
This difference was attributed to the better dispersion of GNPs in PBAT, also observed in 
SEM images. Relatively poor dispersion of GNPs in PLA appeared to facilitate their 
physical contacts, leading to higher conductivity. 
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EMI shielding effectiveness (SET) of the nanocomposites as well as contributions of 
reflection and absorption mechanisms to their radiation attenuation were extensively 
investigated. Enhancement of the electrical properties of PLA and PBAT with GNP 
embedding resulted in higher SET. For samples with a thickness of 1 mm, SET of PLA and 
PBAT increased with increasing GNP concentration. PLA and PBAT nanocomposites 
showed comparable values of SET with reflection being the primary shielding mechanism. 
However, they exhibited considerably different potentials for radiation absorption due to 
their different dielectric loss values. 
Evaluation of shielding performance of the nanocomposites with other thicknesses (1.5 and 
2.8 mm) demonstrated that their performance was a function of thickness and radiation 
frequency in addition to the GNP concentration. It was observed that a greater thickness 
might not necessarily lead to higher SET and therefore, in designing a nanocomposite for 
EMI shielding application, material's electromagnetic properties and thickness should be 
chosen based on the radiation frequency.  
Another significant part of the present project is its contribution to the knowledge on 
rheology of GNP-based nanocomposites. Variations of the viscoelastic properties of 
PLA/GNP and PBAT/GNP nanocomposites, obtained from frequency sweeps, were 
investigated under simultaneous effects of GNP loading and temperature for the first time. 
Although it is well-known that temperature can affect microstructure of the materials and 
consequently alter their viscoelastic properties, the rheological measurements of GNP-
based nanocomposites in previous studies have been performed at one single temperature 
so far.  
GNP embedding resulted in significant increments in the viscoelastic properties of PLA 
and PBAT. Solid-like flow behaviour was observed for highly-filled samples while pure 
polymers and nanocomposites with low GNP loadings showed liquid-like behaviour. 
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However, changing the measurement temperature revealed that rheological percolation 
threshold of GNPs in these nanocomposites is temperature sensitive. Winter-Chambon 
gelation criterion was used to determine the percolation threshold in the two systems at 
different temperatures. The percolation threshold in PLA was found to drop from 8.5 wt% 
at 180 °C to 5.2 wt% at 220 °C. Similarly, PBAT/GNP nanocomposites exhibited a 
decreasing trend in percolation threshold from 11.5 wt% at 160 °C to 7 wt% at 220 °C. 
Furthermore, in contrast to the ideal melts, viscoelastic properties of some of the 
PLA/GNP and PBAT/GNP nanocomposites increased with increasing temperature.  
In contrast to the dynamic rheological properties, shear viscosity of all PBAT/GNP 
nanocomposites decreased with increasing temperature. Temperature dependency of the 
nanocomposites' shear viscosity was described by Arrhenius equation. The flow activation 
energy (Ea) was found to decrease with increasing GNPs at low shear rates. Consequently, 
temperature sensitivity of nanocomposites' viscosity decreased with increasing GNPs. 
Many previous studies reported an increasing trend in Ea with increasing filler loading. 
Detailed analysis of these works showed that Ea calculations in these studies were carried 
out at high shear rates while Ea in the present study was determined in the non-shear-
thinning region where the original structure of the nanocomposites is not significantly 
disturbed. 
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1Chapter	1	
Introduction	
 
 
1.1 Overview	
Polymer composites, emerged in the 1960s, have attracted world-wide attention as a new 
concept for advanced materials. These materials, which are prepared by embedding filler 
particles with different geometries such as fibre, platelet, or sphere in the polymeric 
matrices, offer significant structural benefits with respect to light weight, durability, and 
mechanical performance [1]. Polymer nanocomposites are a new class of composites for 
which at least one dimension of the dispersed particles is in the nanometre range. 
Polymer nanocomposites have created significant excitement in both academia and 
industry due to their superior mechanical, electrical, thermal and barrier properties as well 
as their outstanding microstructures over the conventional composites. Nanocomposite 
technology is applicable to a wide range of polymers from thermoplastics and thermosets 
to elastomers. Though the theory of nanocomposite construction was devised in the 1950s, 
very little commercial activity came as a result until in 1988 Toyota Central Research 
Development Laboratories produced a new group of polymer-clay composites, which were 
aptly called polymer layered-silicate nanocomposites or polymer nanocomposites. Today, 
the diversity of nanofillers used in the production of nanocomposites is considerably 
extended as new types of nanofillers have been continuously developed over the past two 
decades [2]. 
Production and incorporation of electrically conductive nanofillers such as carbon-based 
nanofillers in polymers has been investigated as a promising method to engineer new 
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conductive polymeric materials. Electrical conductivity of such nanocomposites can be 
exploited in various areas including electrostatic discharge protection, lightening-
protection panels, solar panels, thermoelectric materials, and electromagnetic interference 
shielding applications [3]. 
Electromagnetic interference (EMI) is an undesirable by-product of rapid growth of high 
frequency electronic systems and telecommunication devices. Any device that transmits, 
distributes, processes, or utilizes any form of electrical energy may emit electromagnetic 
signals and interfere with the normal operation of other near-by equipment and systems. 
Such signals may also have negative effects on human health [4, 5]. EMI shielding 
materials are used to decrease and if possible completely eliminate such radiations. 
Traditionally, metals and magnetic materials have been used for EMI shielding due to their 
high shielding effectiveness and good mechanical properties. However, they have several 
drawbacks such as heavy weight, exposure to corrosion and difficult processibility. High 
conductivity of metals also limits their application as electromagnetic wave absorbers since 
they reflect almost all the radiation power at the surface. The need for developing effective 
and practical EMI shielding materials to overcome the shortcomings of conventional 
metal-based shields has directed the researchers' attention towards electrically conductive 
polymeric materials particularly polymer nanocomposites. These materials address the 
disadvantages of metals by their light weight, corrosion resistance, flexibility and 
processing advantages [6]. 
Various carbon-based nanofillers such as carbon nanotubes (CNTs) and carbon nanofibres 
(CNFs) have been used in preparation of conductive nanocomposites. However, as a novel 
carbonous nanofiller, applicability of graphene nanoplatelets (GNPs) in reinforcing 
polymers and preparing nanocomposites with EMI shielding properties has not been 
investigated as much. GNPs are graphitic nanoparticles with layered structure, which are 
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composed of stacked 2D graphene sheets bonded together with van der Waals forces. 
GNPs have excellent electrical conductivity, high mechanical properties, thermal 
conductivity and the ability to improve barrier performance of polymers for gas and 
moisture diffusion as well as enhancing thermal stability of the polymers [6]. The lower 
production cost of GNPs compared to that of CNTs [7] makes them a viable alternative to 
the expensive CNTs, especially from industry's view point. 
Most of the commercial polymers such as polyethylene, polypropylene and polystyrene are 
not biodegradable. Environmental and economic concerns associated with waste disposal 
and expenses of petroleum production have raised an ever-increasing interest in 
biodegradable polymers. These polymers can be classified based on the origin of their 
monomers; whether obtained from bio-sources or petroleum. Prominent members of these 
two categories are poly lactide (PLA) and poly (butylene adipate-co-terephthalate) 
(PBAT), respectively. Biodegradable polymers have the potential to be used in a wide 
range of applications including bone fixation material, controlled drug releases, 
implantable composites and tissue engineering, packaging and paper coatings, sustained 
release systems for pesticides and fertilizers, and compost bags [8-12]. They may also be 
used for engineering applications such as in electronic and electrical devices as well as 
mechanical and automotive parts [13]. However, in many cases, to be a real alternative to 
the classical synthetic polymers, properties of the biodegradable polymers have to be 
enhanced. Bio-nanocomposites, which are obtained by incorporation of nanofillers into the 
biomatrix, are a common way to achieve such improvements [14].  
PLA and PBAT are among the prevalent biodegradable polymers. Good mechanical 
properties and processibility combined with commercial availability and reasonable price 
places PLA on top of the list of bio-plastics. PBAT is also another excellent biodegradable 
polymer with good thermal stability at elevated temperatures, high elasticity, wear and 
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fracture resistance as well as adhesion and compatibility with many other natural polymers. 
However, in spite of their attractive properties, these two polymers have some drawbacks 
such as PLA's low thermal stability and PBAT's insufficient mechanical strength [15, 16], 
which limit their applicability. Embedding nanofillers is a practical method to overcome 
the shortcomings of PLA and PBAT. 
Extensive research has been conducted on PLA nanocomposites containing various 
nanofillers including conductive carbon nanofillers such as CNTs and carbon fibres [17-
24]. In recent years, GNPs have also been used by some researchers to reinforce PLA [1, 
25]. Different properties of these nanocomposites have been reported including 
biocompatibility, rheology and crystallinity. On the other hand, PBAT has been often used 
as a second phase in polymer blends due to its low mechanical strength. Several 
researchers, however, have demonstrated that addition of nanofillers like clay or CNTs to 
PBAT can overcome its shortcomings and confer multifunctional enabling properties like 
enhanced mechanical, thermal, and electrical properties [3, 26-28]. 
The present research investigated the effect of GNP incorporation on various properties of 
PLA and PBAT. There is a large number of scientific articles published on different 
properties of polymeric composites and nanocomposites containing carbonous particles 
including GNPs. However, while many of these papers have mentioned the excellent 
electrical conductivity of such fillers, the majority of them have only reported other 
properties such as mechanical and rheological behaviours of these nanocomposites. In 
addition to the fabrication and common characterisation of PLA/GNP and PBAT/GNP 
nanocomposites, the present study has investigated the changes in the electromagnetic 
properties of these two polymers with GNP addition for the first time. The applicability of 
the prepared GNP-based nanocomposites for EMI shielding applications has been 
quantitatively evaluated, as well. In producing PLA/GNP and PBAT/GNP 
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nanocomposites, the same procedure has been followed with GNP loading of 0 to 15 wt% 
(0 - 9.1 vol%). Therefore, a systematic comparison between the PLA/GNP and 
PBAT/GNP nanocomposites could be made. The trends of variations of different 
properties of the two polymers with GNP concentration has been analysed and discussed in 
terms of the effect of polymer matrix and its interaction with the platelets. 
Furthermore, rheological behaviours of PLA/GNP and PBAT/GNP nanocomposites have 
been extensively studied in this project. Rheological characterisation is an important part 
of studies on new nanocomposites since it provides fundamental knowledge on the 
microstructure and processibility of the understudy nanocomposites. In recent years, 
dynamic viscoelastic properties of systems with low graphene/graphite loadings such as 
polypropylene (0 - 3 wt%) [29], polyethylene (0 - 3 wt%) [30], poly (arylene ether nitriles) 
(0 – 5 wt%) [31], polystyrene (0 - 2.5 wt%) [32], poly(methyl methacrylate) 
(0 - 1.58 vol%) [33] have been investigated. Rheology of highly filled systems including 
poly (styrene-b-ethylene-ran-butylene-b-styrene) (0 – 10 wt%) [34], polycarbonate 
(0 - 12 wt%) [35], polydimethylsiloxane (0 - 12 wt%) [36], and polypropylene 
(0 - 20 wt%) [37] have been also evaluated.  
However, even though it is well-known that temperature can affect the microstructure of 
materials and consequently alter their viscoelastic properties, there is no report in literature 
on effect of temperature on rheology of GNP-filled polymers. Few researchers reported the 
dynamic mechanical analysis (DMA) of composites reinforced with expanded graphite 
nanoplatelets [38], functionalized graphene sheets [39] , and exfoliated graphite [40] but to 
the author's best knowledge, the effect of temperature on the viscoelastic properties of 
GNP-based nanocomposites, obtained from frequency sweep tests, has not been 
investigated so far.  
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The present project investigated the rheological responses of nanocomposites containing 
GNPs under simultaneous effects of temperature and filler concentration for the first time. 
Viscoelastic properties of polymeric nanocomposites are reflections of their microstructure 
and strength of polymer-nanofiller interactions. The findings of this research project 
illustrate unique rheological behaviours of GNP-based nanocomposites. 
1.2 Aim	and	objectives	
The present thesis aimed to provide a combination of fundamental and applied research on 
biodegradable polymeric nanocomposites with electromagnetic (EM) properties. PLA and 
PBAT were chosen as bio-sourced and petroleum-based biodegradable polymers 
respectively, while the electrically conductive nanoparticles were GNPs. The experimental 
and theoretical behaviours of EM properties and EMI shielding performance of the 
nanocomposites were determined as a function of GNP concentration and sample 
thickness. In addition, extensive rheological study was carried out to examine the 
microstructure of these nanocomposites as well as their processibility. Furthermore, other 
characteristics of the nanocomposites were studied and the two systems (PLA/GNP and 
PBAT/GNP) were systematically compared and their differences were analysed. 
The objectives of this research can be summarised as follow: 
 Production of PLA/GNP and PBAT/GNP biodegradable nanocomposites with 
different GNP contents by melt-mixing and compression moulding techniques. 
 Investigation of the dispersion states of GNPs in PLA and PBAT via scanning electron 
microscopy (SEM) and X-ray diffraction (XRD) techniques. 
 Investigation of the effect of GNP incorporation on thermal properties of PLA and 
PBAT by means of modulated differential scanning calorimetry (MDSC). 
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 Determining the actual effect of GNPs on the thermal stability of PLA and PBAT (by 
eliminating effect of GNP weight) via thermogravimetric analysis (TGA) as a function 
of both temperature and time. 
 Comprehensive study of electrical conductivity and dielectric properties of the 
nanocomposites as well as their EMI shielding performance (reflection and absorption 
of EM radiation) over the X-band frequency range.  
 Investigation of the effect of sample thickness on EMI shielding effectiveness of 
PLA/GNP and PBAT/GNP nanocomposites. 
 Extensive shear (dynamic and steady) rheological characterisation of the 
nanocomposites under simultaneous effects of GNP loading and temperature of the 
measurements. 
 Investigating the applicability of time-temperature superposition principle for 
PLA/GNP and PBAT/GNP nanocomposites, and determining GNP rheological 
percolation threshold in PLA and PBAT via Winter-Chambon gelation theory. 
 Systematic comparison between various properties of PLA/GNP and PBAT/GNP 
nanocomposites.  
1.3 Thesis	layout	
The present thesis consists of the following chapters: 
 Literature Review: Chapter 2 includes a comprehensive survey and evaluation of 
available literature. Recently published articles related to the theoretical and practical 
aspects of the present research are reviewed in this chapter. 
 Experimental: Chapter 3 describes the materials, equipment, and procedure used for 
producing and characterising the nanocomposites.  
 Results and Discussions: Chapters 4 - 6 present the experimental data as well as 
thorough analysis and discussion on the obtained results. The results and discussions 
presented in each chapter have been published in reputed peer-reviewed journals. 
However, the discussions on EMI shielding and rheological studies of the produced 
nanocomposites, presented in chapters 5 and 6 respectively, represent the complete 
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experimental data collected in the course of this PhD research project, which have 
been partially published so far. 
 Conclusions and Recommendations: Chapter 7 presents a summary of the major 
findings followed by a list of suggestions for future works. 
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2Chapter	2	
Literature	Review	
 
 
2.1 Biodegradable	polymers	
In the last two decades, the annual worldwide production of synthetic polymers has 
continued to increase. These materials have become indispensable to our life with their 
wide range of applications in diverse fields such as packaging, agriculture, food, consumer 
products, medical appliances, building materials, automotive and aerospace materials, etc. 
[41, 42].  
Many of these polymers are not readily biodegradable and are resistant to microbial 
degradation. While this durability makes these polymers ideal for some applications like in 
aerospace, automotive and construction, it results in waste accumulation and 
environmental problems [43] such as challenges to wastewater treatment plants and 
pollution of ground and surface water sources. Furthermore, the large volume of plastic 
waste in landfills, which is one of the common methods of disposing of municipal solid 
wastes, is also becoming a concern. Release of high amounts of greenhouse gases such as 
carbon dioxide also makes incineration of plastic wastes problematic with regard to the 
deepening threat of global warming [41, 42]. Consequently, effort and research is being put 
into developing biodegradable polymers to replace the persistent non-biodegradable 
polymers in various products. 
Biodegradation is considered as a type of degradation involving biological activity. A 
biodegradable polymer is commonly defined as a polymer wherein the primary 
degradation mechanism is through the microorganisms' metabolism [41]. The first step in 
14 
biodegradation is the fragmentation of the polymers into lower molecular mass substances. 
This step may occur as a result of abiotic reactions, i.e. oxidation, photo-degradation or 
hydrolysis, or biotic reactions, i.e. degradations by microorganisms. In the second step, 
bioassimilation of the polymer fragments by microorganisms and their mineralisation 
happens [43]. Various factors affect the biodegradability of a polymer including the origin 
of the polymer and its chemical structure as well as the conditions of the degrading 
environment. The most important organisms in biodegradation are fungi, bacteria and 
algae [41]. Depending on the presence or absence of oxygen in the degrading environment, 
aerobic or anaerobic biodegradation can occur, respectively. Biodegradation of polymers is 
schematically shown in Figure 2.1. 
 
Figure 2.1 Polymer degradation in aerobic and anaerobic condictions, adopted from Ref.[44]. 
 
 
2.2 Classification	of	biodegradable	polymers	
Biodegradable polymers can be categorised based on their synthesis process (bio-synthesis 
or chemical synthesis) as well as the origin of their monomers. Figure 2.2 shows a 
classification of biodegradable polymers to four families. Monomers of the polymers in 
families 1-3 are obtained from renewable sources while in the fourth family the monomers 
are of fossil origin. The polymers in the third and fourth families are prepared by 
conventional synthesis methods. Poly lactide (PLA) and poly (butylene adipate-co-
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terephthalate) (PBAT) are the prominent members of the third and fourth families, 
respectively. 
 
Figure 2.2 Classification of biodegradable polymers, adopted from Ref. [45]. 
2.2.1 Polylactide	(PLA)	
Polyesters play an important role as biodegradable polymers because of their potentially 
hydrolysable ester bonds. Polyesters belong to two major groups of aliphatic (linear) 
polyesters and aromatic (aromatic rings) polyesters. One of the most promising 
biodegradable polymers with potential to replace the petroleum-derived polymers for a 
variety of applications is PLA. PLA is an aliphatic polyester, derived from renewable 
resources such as corn, potato, sugarcane, etc. The presence of both a hydroxyl and a 
carboxyl group in lactic acid enables it to be converted directly into polyester via a 
polycondensation reaction. However, this type of polymerisation of lactic acid does not 
sufficiently increase the molecular weight [8]. The most common route for industrial 
production of high molecular weight PLA is the ring opening polymerisation of lactide 
monomer formed from lactic acid [46]. 
PLA is a rigid thermoplastic with interesting physical, biocompatibility and 
biodegradability properties. These properties are all strongly influenced by PLAʹs stereo-
chemistry and molecular weight [46]. Being a bio-sourced polymer with good mechanical 
properties and processibility combined with commercial availability and reasonable price 
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[47-49] places PLA on the top of bio-plasticsʹ list for some applications.  PLA has a wide 
range of potential industrial applications due to its ability to be stress crystallised, 
thermally crystallised, impact modified, filled, copolymerised, and processed in most 
polymer processing equipment yielding moulded parts, films or fibres [1]. PLA can be 
used in biomedical, pharmaceutical, and agricultural areas as well as in engineering 
applications such as electronics and electrical devices, and mechanical and automotive 
parts. Nevertheless, in spite of its promising properties, PLA has some drawbacks 
including high brittleness, low gas barrier properties, and low thermal stability, which limit 
its industrial applications [1, 46, 48]. There are various methods to overcome these 
shortcomings such as combining PLA with different dispersed phases like impact 
modifiers, flame-retardants, plasticizers, nanofillers, and other polymers [1]. 
2.2.2 Poly	(butylene	adipate‐co‐terephthalate)	(PBAT)	
PBAT is an aliphatic–aromatic copolyester, which is fully biodegradable [50]. PBAT is 
prepared by polycondensation of 1, 4-butanediol (BDO), dimethylterephthalate (DMT) and 
adipic acid with tetrabutylorthotitanate (TBOT) as the catalyst [51]. It owes its 
biodegradability to the butylene adipate group and its stability and mechanical properties to 
the terephthalate group, which results in strong elongation properties (700%) but relatively 
low tensile strength (32MPa). In view of its high toughness and biodegradability, PBAT is 
considered as a good candidate for toughening of PLA. High production costs, dependency 
on petroleum resources as the raw material, and low modulus have limited broad 
applications of this polymer [50, 52]. Chemical structures of PLA and PBAT monomers 
are depicted in Figure 2.3. 
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Figure 2.3 Chemical structure of PLA and PBAT. 
 
2.3 Polymer	nanocomposites	
Production of polymer-based composites began in the 1960s and attracted world-wide 
attention as a new concept for advanced materials. These materials, which are prepared by 
embedding filler particles with different geometries such as fibre, platelet, or sphere in a 
polymeric matrix, offer significant structural benefits with respect to light weight, 
durability, and mechanical performance. Polymer nanocomposites are a new class of 
composites for which at least one dimension of the dispersed particles is in the nanometre 
range [1, 9]. 
Nanocomposite technology is a newly developed field, in which nanofillers are added to 
polymers for reinforcing and providing improved properties. Nanocomposite technology is 
applicable to a wide range of polymers from thermoplastics and thermosets to elastomers. 
About three decades ago, researchers from Toyota Central Research and Development 
produced a new group of polymer-clay composites, which was called polymer-layered 
silicate nanocomposites [53]. Development of polymer nanocomposites by the Toyota 
research group opened a new dimension in the field of materials science. The use of 
inorganic nanomaterials as fillers in preparation of polymer/inorganic composites has 
attracted significant attention due to their unique properties and potential applications in 
various areas such as in automotive, aerospace, construction and electronic industries [54]. 
Polymer nanocomposites show property enhancements at much lower filler concentrations 
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than polymer composites with conventional-sized fillers. This leads to lower component 
weight and also can simplify the processing. Furthermore, the multifunctional property 
enhancements made possible with nanocomposites may introduce new areas where  
polymeric materials can be used [55]. 
Nanoscience has advanced markedly over the past twenty years, and as the miniaturisation 
becomes important in various fields such as computing, sensors, biomedical and many 
other applications, nanotechnology will progress further. Advancement of nanotechnology 
is greatly dependent on the ability to synthesise nanoparticles of various materials, sizes 
and shapes, as well as to assemble them efficiently into complex architectures [54].  
Extensive research has been conducted on PLA nanocomposites containing various 
nanofillers including cellulose [17] and natural [18] fibres, silver nanowires [19] as well as 
conductive carbon nanofillers such as carbon nanotubes [20, 21], carbon fibres [22, 23] and 
nanodiamonds [24]. In recent years, effects of graphene nanoplatelets (GNPs) and 
expanded graphite (EG) on biocompatibility [25] and extensional rheology [1] of PLA 
have been also investigated. On the other hand, the research on PBAT is not as broad as 
that of PLA. PBAT has been often used as a second phase in polymer blends. Several 
researchers, however, have demonstrated that addition of nanofillers such as clay, carbon 
nanotubes (CNTs) and wood-fibres to PBAT can overcome its shortcomings such as low 
strength, conferring multifunctional enabling properties like enhanced mechanical, thermal 
and electrical properties [26-28].  
2.3.1 Nanofillers	
A variety of nanofillers have been prepared and used in the preparation of polymer 
nanocomposites, so far. The most common types of fillers are natural clays (mined, refined 
and treated), synthetic clays, nanostructured silicas, nanoceramics, nanocalcium carbonates 
and carbon-based nanofillers. Incorporation of these nanofillers in polymeric matrices has 
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conferred remarkable properties to the matrices and has allowed them to commercially 
compete with traditional materials. Some of the property improvements are as follow [53]:  
 Efficient reinforcement with minimal loss in ductility and impact strength 
 Thermal endurance 
 Flame retardance 
 Improved liquid and gas barrier properties 
 Improved abrasion resistance 
 Reduced shrinkage and residual loss 
 Altered electrical, electronic and optical properties  
 
Many of the researchers have concentrated on polymer nanocomposites containing layered 
materials of a natural origin, such as a montmorillonite type of layered silicate compounds 
or synthetic clay (layered double hydroxide). This could be due the low cost, availability 
and sufficient enhancements brought into mechanical, barrier and thermal properties of 
polymers by these nanofillers as well as their relative ease of handling in industry [1]. 
However, addition of these clay minerals to the matrix does not result in materials with 
satisfactory electrical or thermal conductivity. Such shortcomings can be overcome by 
using carbon-based nanofillers, such as carbon nanotubes (CNTs), carbon nanofibres 
(CNFs) and graphene nanoplatelets (GNPs). CNTs have been studied intensively in recent 
years and they have proven to be effective as conductive fillers. However, their high 
production cost is a disadvantage and limits the mass production of CNT-based 
nanocomposites [1, 54].  
2.3.2 Graphene		
Graphene is a carbonous nanofiller and is regarded as the thinnest material in the universe 
with tremendous application potential [56]. Graphene is a monolayer of sp2-hybridised 
carbon atoms arranged in a two-dimensional lattice and it has attracted significant attention 
from academia and industry due to its exceptional properties including high thermal 
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conductivity, superior mechanical properties and excellent electronic transport properties 
[55, 57, 58]. As a result, a wide range of applications have been suggested for graphene 
and its derivatives. These applications range from flexible electronics to steel protection 
against corrosion to DNA sequencing [59]. Graphene can be used in new generations of 
high speed and radio frequency logic devices, electronic circuits, sensors, transparent and 
flexible electrodes for displays and solar cells, and ultra-thin carbon films [54, 60]. One of 
the most significant areas where this material has shown promising results is in preparation 
of various types of nanocomposites. In particular, for reinforcing polymers and producing 
polymer nanocomposites with enhanced properties [55]. 
While in 1940 it was theoretically established that graphene is the building block of 
graphite [61], it was in 2004 that single layers of graphene were successfully identified in 
laboratory [62]. Graphene can be prepared by using different methods. Growth by 
chemical vapour deposition (CVD), growth on crystalline silicon carbide (SiC), and 
micromechanical exfoliation of graphite are the main routes for preparation of graphene 
[63, 64]. However, it should be noted that these methods do not yield sufficient quantities 
of graphene in regard to industrial-scale fabrication of nanocomposites [1]. Therefore, 
using graphene-based compounds for example graphite oxide (GO) and graphene 
nanoplatelets (GNPs) are considered a feasible alternative for producing large-scale 
polymer nanocomposites [55]. 
2.3.3 GNP‐based	nanocomposites	
GNPs are graphitic nanoparticles with layered structure, which are composed of stacked 
2D graphene sheets bonded together with van der Waals forces [65]. With excellent 
physical properties [66], GNPs can be used as a nanofiller with potential for reinforcing 
polymers and developing novel materials with enhanced properties such as high 
mechanical performance, heat dissipation, flame retardancy and electrical conductivity 
21 
[67-71]. GNP has also proved to be effective in preparing low-density nanocomposite 
foams [72]. The relatively less expensive methods of GNP production, compared with 
other carbon-based nanofillers such as carbon nanofibres and nanotubes, make GNPs a 
more cost-effective type of nanofiller [7, 65]. It is also worth mentioning here that 
reinforcing and tuning different properties of polymers is only one of the many 
applications of GNPs. The excellent properties of GNPs have been also used in producing 
ultrahigh performance metal nanocomposites [73] as well as enhancing the properties of 
cement [74] and ceramics [75].    
Various processing methods have been reported for dispersing GNPs and GO-derived 
fillers into polymers in recent years. Like other types of polymer nanocomposites, the main 
issue in production of GNP-based nanocomposites is the dispersion and distribution of 
GNPs within the polymeric matrix [55, 65]. Among various factors, the type and strength 
of bonding interactions at the interface of the matrix and the platelets have determining 
effect on the final properties of the nanocomposites. While the research on introducing 
covalent bonding between the particles and the supporting polymer is growing, currently 
most of the dispersion techniques result in non-covalent composites in which relatively 
weak dispersive interactions are present between the matrix and the platelets [55]. The 
commonly practiced techniques for production of GNP-based nanocomposites are: solution 
mixing, in-situ polymerisation, and melt-mixing. 
In-situ polymerisation and solution mixing have shown good capability for producing 
homogeneous dispersion of GNPs and highly intercalated structures. However, it is 
noteworthy to mention that although these two techniques result in better dispersion and 
more homogenous distribution of GNPs in the matrix compared to melt-mixing technique, 
they have some drawbacks such as using hazardous chemicals and also they are not 
suitable for large-scale production of nanocomposites [65]. On the other hand, melt-mixing 
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is more economical since no solvent is consumed and it can be used in many current 
industrial practices as well [76]. Therefore, the merits and shortcomings of each processing 
method should be considered in producing the nanocomposites. 
2.4 Effect	of	GNP	incorporation	on	polymers	properties		
2.4.1 Mechanical	properties	
Mechanical properties of polymers including Young's modulus, tensile strength, and 
toughness are affected with addition of GNPs. Modulus of nanocomposites usually 
increases with GNP incorporation. On the other hand, toughness of GNP-based 
nanocomposites has been mostly observed to be lower than that of pure polymers [77-79]. 
Different variation trends have been reported for the polymers' tensile strength with 
addition of GNPs. In some studies, strength increases with increasing GNP loading [77, 
80]. In some other, strength increases up to a certain GNP loading and then decreases [81, 
82], and in some cases the strength keeps decreasing with increasing GNP loading [83, 84]. 
Enhancement of mechanical properties has been found to be in close relation with the 
quality of dispersion and the type of interactions between the matrix and the platelets [85]. 
Good dispersion and strong interfacial interactions promote the load transfer within the 
nanocomposites and result in better mechanical properties [3]. 
2.4.2 Thermal	properties	
When embedded in a polymeric matrix, the high thermal conductivity of GNPs leads to 
enhancement in thermal conductivity of the system. In particular, epoxy/GNP 
nanocomposites have been studied in this regards. Thermal conductivities as high as 80 
W/(m.K) has been reported at a GNP loading of 64 wt% [86]. In addition to the GNP 
loading, other factors such as aspect ratio of the platelets and polymer/GNP interface 
interactions affect the thermal conductivity of the nanocomposites [65]. 
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The high thermal conductivity of GNPs has not only proved to be effective in preparing 
nanocomposites with thermal conductivity, but also has been found to impart dimensional 
stability to polymers. Thermal expansion, which is common in polymeric materials when 
they are used at elevated temperatures, can be restrained by addition of GNPs. The 
negative coefficient of thermal expansion (CTE) of graphene [87] combined with its high 
specific surface area and high stiffness has proved to effectively reduce the CTE of 
polymers [76]. In a study on polypropylene nanocomposites, GNPs were found to be more 
effective in reducing the thermal expansion of polypropylene compared to CNTs [88].  
Thermal stabilities of many polymers have also exhibited significant enhancement with 
addition of GNPs [89-91]. Thermal stability is an important parameter for polymeric 
materials since it could be a limiting factor in their processing as well as their end-use 
applications [29]. It has been observed that GNP embedding can increase the onset 
temperature of polymers' thermal degradation. Furthermore, the maximum rate of mass 
loss decreases with GNP addition, and also shifts to higher temperatures [65, 91]. To 
explain the enhancement of thermal stability due to GNP incorporation, several 
mechanisms have been put forward so far. It has been suggested that the platelets act as 
heat sinks, extracting more heat than the polymer, not allowing heat accumulation in the 
polymer and therefore reducing the oxidation at early phases of the degradation [81]. It has 
also been proposed that the delay in thermal degradation of GNP-based nanocomposites 
could be due to mass transfer shielding effect of the flake-like shape of GNPs, which 
hinders the diffusion of volatile pyrolized products [13, 29]. Another mechanism suggests 
that the polymer macromolecules in the vicinity of the GNPs are restricted because of their 
interactions with the platelets' surfaces. Therefore the energy needed for their degradation 
increases [92, 93]. 
24 
2.4.3 Gas	barrier	properties	
Similar to polymers filled with clay particles, GNP-based nanocomposites show reduced 
gas permeation compared to unfilled polymers. Percolating network structures of the 
platelets can provide a tortuous path and reduce the diffusion of gas molecules through the 
polymer [76]. It has been reported that embedding 6.5 wt% GNPs in polypropylene [88] 
and 3.5 wt% thermally reduced graphite oxide in polycarbonate [35] decreased their 
oxygen and nitrogen permeability by 20 % and 39 %, respectively. 
2.4.4 Electrical	conductivity		
One of the most promising aspects of GNP-based polymer nanocomposites is their 
potential for use in electronics and electrical devices due to the excellent electrical 
conductivity of GNPs (102 and 107 S/m for perpendicular and parallel to the surface, 
respectively [94]). For an insulating polymer filled with GNPs to be electrically 
conductive, the concentration of GNPs must be higher than the electrical percolation 
threshold. Dispersion and distribution states of GNPs in the polymer have determining 
effect on the electrical percolation threshold and the systems' electrical conductivity. As 
two carbonous nanofillers, CNTs and GNPs are being used in the preparation of 
conductive nanocomposites and the percolation thresholds achieved by these fillers are 
usually compared. In many cases the percolation thresholds in GNP-based nanocomposites 
are higher than those of CNT-based nanocomposites. However, it is important to note that 
the sample geometry used for the conductivity measurements can have significant effect on 
such comparisons. For example, a long enough nanotube may act as a bridge between the 
electrodes in the measurements for a small test sample. This could result in reporting a 
very low percolation threshold for that sample, which may not represent the percolation 
threshold of the bulk material [55]. 
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It is commonly presumed that a good dispersion of nanoparticles within the polymer is 
necessary for the enhancement of the polymers' properties including electrical 
conductivity. However, there have been several studies reporting that filler agglomeration 
could favour the electrical properties via formation of conductive networks as a result of 
more physical contacts between the filler particles [95-99]. In systems with well-dispersed 
filler particles, the polymer may coat the surface of the particles and reduce the 
interparticle contacts, resulting in lower electrical conductivity [55]. However, it should be 
noted that the better electrical conductivity of nanocomposites with relatively poor 
nanoparticle dispersion might come at the expense of weak mechanical properties. This is 
because good dispersion of particles in the matrix can promote the interfacial load transfer, 
which results in improved mechanical properties. Therefore, homogeneous filler dispersion 
in the matrix is important for mechanical properties while a good cluster distribution seems 
to be more effective for obtaining better electrical properties [3]. 
2.5 Applications	of	graphene‐based	polymeric	nanocomposites	
Graphene-based polymeric nanocomposites have been investigated for a wide range of 
applications. The significant mechanical reinforcement obtained in graphene-based 
systems can be used in producing light-weight parts for automotive and aerospace 
applications. Addition of graphite oxide (GO) to polyamide 6 has also proved to result in 
nanocomposites with good short-term fire resistance [100]. Graphene-based 
nanocomposites have also been explored for biomedical applications such as in biosensors 
[101, 102] and drug delivery systems [103]. However, due to the excellent electrical 
conductivity of graphene, the focus of many studies has been on applications of graphene-
based nanocomposites in electronic and electrical devices. Energy storage devices [104] 
and solar cells (and other optoelectronic applications) [105] are among the areas where 
such materials can be used. Furthermore, these materials can be used in electrostatic 
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discharge protection, lightening-protection panels, thermoelectric materials and 
electromagnetic interference shielding applications [3, 67, 106]. 
2.6 Electromagnetic	interference	(EMI)	shielding	
EMI is an undesirable by-product of rapid growth of high frequency electronic systems and 
telecommunication devices [6]. The fast progress of technology has made electronic 
systems smaller and has increased the density of electrical components within various 
devices. The operating frequencies of signals in these systems are also increasing. The 
extensive development of compact high frequency devices has raised the electromagnetic 
pollution to a  new level [107]. Any device that transmits, distributes, processes, or utilizes 
any form of electrical energy may emit electromagnetic signals and interfere with the 
normal operation of the near-by equipment and systems. Such signals may also have 
negative effects on human health [4, 5].  
Continuous efforts have been made to reduce the electromagnetic pollution by using EMI 
shielding materials [5]. Such materials attenuate the signal by reflection and/or absorption 
of the radiation [108]. Traditionally, metals and magnetic materials have been used for 
EMI shielding due to their high shielding effectiveness and good mechanical properties. 
However, they have several drawbacks such as heavy weight, exposure to corrosion and 
difficult processibility. High conductivity of metals also limits their application as 
electromagnetic wave absorbers since they have a very shallow skin depth and therefore 
reflect almost all the radiation power on the surface [109]. The need for developing 
effective and practical EMI shielding materials to overcome the shortcomings of 
conventional metal-based shields has increased the interest in novel materials [4]. 
Electrically conductive polymers and polymer composites have attracted the attention of 
many researchers for EMI shielding applications. These materials address the 
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disadvantages of metals by their lightweight, corrosion resistance, flexibility and 
processing advantages [4, 110, 111]. 
2.6.1 EMI	shielding:	definition	and	experimental	measurement	
When an electromagnetic (EM) wave faces a boundary between two media as shown in 
Figure 2.4, some of it will be reflected back and some will enter the slab, which will be 
partially absorbed within the slab and the rest will be transmitted to the outer world. The 
amount of reflected and absorbed powers, in other terms, the efficiency of the slab in 
shielding EM radiation, depends on the frequency of the radiation, the EM properties of the 
material as well as its thickness [4, 107]. 
 
 
Figure 2.4 Schematic illustration of EMI shielding by a medium.  
 
The efficiency of a shielding material in attenuating EM radiation is measured in terms of a 
logarithmic quantity called “shielding effectiveness (SE)”. The total shielding effectiveness 
(SET) of the material is defined as the ratio of the incident (I) to the transmitted powers (T) 
with the unit of decibels (dB): 
ܵܧ்ሺ݀ܤሻ ൌ 10 logሺܫ ܶൗ ሻ Eq.  2-1 
 
For example, a SET of 20 dB corresponds to 99 % shielding of the EM radiation. The 
higher the SET, the lower is the power that passes through the material to the outer world. 
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The contributions of reflection (reflection shielding effectiveness: SER) and absorption 
(absorption shielding effectiveness: SEA) to the total shielding effectiveness of the material 
can also be determined from the following equations [111] with R being the reflected 
power: 
ܵܧோሺ݀ܤሻ ൌ 10 logሺ ܫܫ െ ܴሻ Eq.  2-2  
ܵܧ஺ሺ݀ܤሻ ൌ 10 logሺܫ െ ܴܶ ሻ 
Eq.  2-3 
 
  
In order to determine the shielding effectiveness of a material, one can measure the 
scattering parameters (S-parameters) of the material by using a vector network analyser 
(VNA). Different setups can be used with VNA including coaxial line or waveguide. In the 
present study, VNA with waveguide setup was used for the measurement of S-parameters 
of the prepared nanocomposites. 
The reflected and transmitted waves in a two port VNA can be mathematically represented 
by complex S-parameters of S11 (or S22) and S21 (or S12) respectively [5]. Figure 3.9 (in 
Chapter 3) shows the VNA used in the current study with X-band waveguide setup. 
Schematic illustration of measuring S-parameters with waveguide and sample holder is 
also depicted in Figure. 3.10 (in Chapter 3). To calculate SET, SER, and SEA of a shielding 
material (Eq.  2-1 to Eq.  2-3), reflected, transmitted, and absorbed powers can be 
determined from the following formulas [111]: 
I= 1: Incident power  
 
Eq.  2-4 
R=׀S11׀2 : Reflected power 
 
Eq.  2-5 
T=׀S21׀2 : Transmitted power 
 
Eq.  2-6 
A= I- R- T:  Absorbed power 
 
Eq.  2-7 
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In order to shield by reflection, the material must have mobile charge carriers to interact 
with the incoming electromagnetic waves. In other terms, reflection depends on the 
electrical conductivity of the material. Shielding by absorption mechanism depends on 
both electromagnetic properties of the shielding material and its thickness. To have high 
absorption, the shield should have electrical and/or magnetic dipoles [112].  
2.6.2 Interactions	between	the	material	and	the	electromagnetic	fields	
The interactions between the material and the electromagnetic fields can be expressed by 
Maxwell's equations (Eqs. 2-8 to 2-11) [113]:  
ߘ.ܦ ൌ ߩ Eq.  2-8 
ߘ. ܤ ൌ 0	 Eq.  2-9 
׏ ൈ ܪ ൌ ߲ܦ߲ݐ ൅ ܬ Eq.  2-10 
׏ ൈ ܧ ൌ െ߲ܤ߲ݐ  Eq.  2-11 
 
With the constitutive relations: 
ܦ ൌ ߝܧ ൌ ሺߝᇱ െ ݆ߝᇱᇱሻܧ	 Eq.  2-12 
ܤ ൌ ߤܪ ൌ ሺߤᇱ െ ݆ߝߤᇱᇱሻܪ	 Eq.  2-13 
J ൌ σE	 Eq.  2-14 
In these equations, H is the magnetic field strength vector, E is the electrical field strength 
vector, B is the magnetic flux density vector, D is the electrical displacement vector, J is 
the current density vector, ߩ is the charge density, ε is the complex electrical permittivity 
of the material (ε = ε' - jε''), μ is the complex magnetic permeability of the material 
(μ = μ' - jμ''), and σ is the conductivity of the material [113]. 
According to these equations, material's response to electromagnetic wave is determined 
by three constitutive parameters: electrical permittivity (ε), magnetic permeability (μ), and 
electrical conductivity (σ). For low-conductivity materials, their behaviour can be 
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evaluated by complex electrical permittivity (ε = ε' - jε'') and complex magnetic 
permeability (μ = μ' - jμ''), which determine how the material interacts with the electrical 
(E) and magnetic (H) fields, respectively. The real parts of permittivity and permeability 
indicate the stored portion of the energy exchange between the fields and the material 
while the imaginary parts describe the energy dissipation which happens when the 
electromagnetic energy is absorbed by the material and converted to heat [113]. 
Propagation of electromagnetic waves in a medium is determined by the intrinsic 
impedance of the medium (η) and the wave velocity in the medium (ν). The impedance and 
velocity can be calculated from the permittivity and permeability of the medium: 
ߟ ൌ ඥߤ ߝ⁄  Eq. 2-15 
ν ൌ 1/ඥߤߝ Eq. 2-16 
 
For example, wave impedance and velocity in free space are equal to ߟ଴ ൌ ඥߤ଴ ߝ଴⁄ ൌ
377	Ohm and ߥ ൌ 1/ඥߤ଴ߝ଴ ≅ 3 ൈ 10଼	m/s, respectively [113]. A traveling 
electromagnetic wave will partially reflect at the interface of any two media of different 
impedances. The higher the impedance mismatch, the greater the reflected power [114]. 
The velocity of the propagating wave is a complex number as a result of permittivity and 
permeability being complex numbers. The imaginary part of the velocity is a mathematical 
convenience for expressing the loss of energy [113].  
From the constitutive and propagating parameters, it is evident that dispersing conductive 
particles into a polymeric matrix changes its response to electromagnetic radiation via 
altering the EM properties of the polymer. As it will be seen in Chapter 5, while 
permeability is not affected by addition of GNPs due to the nonmagnetic nature of GNPs 
[115], permittivity increases with GNP loading. Consequently, the intrinsic impedance of 
the matrix decreases, resulting in higher impedance mismatch at the interface and hence 
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higher reflection of the electromagnetic power. In a similar manner, wave velocity in the 
prepared nanocomposites decreases as the permittivity increases. This improves the 
radiation absorption potential of the nanocomposites. 
2.6.3 Determining	electrical	permittivity	and	magnetic	permeability	
Having the S-parameters of a material, the complex electrical permittivity and complex 
magnetic permeability of a material can be calculated by using a suitable algorithm. 
Nicolson-Ross-Weir [116] method is commonly used to obtain the permittivity and 
permeability from S-parameters measured by waveguide setup, according to the following 
procedure: 
ߝ ൌ ߝ௥ߝ଴ ൌ ሺߝ௥ᇱ െ ݆ߝ௥ᇱᇱሻߝ଴ Eq.  2-17 
ߤ ൌ ߤ௥ߤ଴ ൌ ሺߤ௥ᇱ െ ݆ߤ௥ᇱᇱሻߤ଴ Eq.  2-18 
 
Having S11 and S21: 
߁ ൌ ܺ േ √ܺଶ െ 1   ,  ሺܺ ൌ ௌభభమ ିௌమభమ ାଵଶௌభభ ሻ 
Eq.  2-19 
ܲ ൌ ଵܵଵ െ ܵଶଵ ൅ ߁1 െ ሺ ଵܵଵ ൅ ܵଶଵሻ߁ 
Eq.  2-20 
1
߉ଶ ൌ െቆ
1
2ߨܮ ݈݊ ൬
1
ܲ൰ቇ
ଶ
 
Eq.  2-21 
ߤ௥ ൌ 1 ൅ ߁
߉ሺ1 െ ߁ሻඨ 1ߣ଴ଶ െ
1
ߣ௖ଶ
 
Eq.  2-22 
ߝ௥ ൌ ߣ଴
ଶ
ߤ௥ . ൥
1
ߣ௖ଶ െ ቆ
1
2ߨܮ ݈݊ ൬
1
ܲ൰ቇ
ଶ
൩ Eq.  2-23 
 
where L is the sample thickness, ߣ଴	is the wave's wavelength, and ߣ஼	 is the wavelength at 
the waveguide cut-off frequency [116]. 
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2.6.4 Polymer	composites	for	EMI	shielding	
Polymers filled with conductive/magnetic particles have been explored extensively in the 
last decade as possible EMI shielding materials. The properties of polymer nanocomposites 
are dictated by the nature and concentration of its constituents (filler and matrix) and level 
of interaction between them. Since the polymer matrices are usually transparent to EM 
radiation, the EMI shielding properties of the nanocomposites mostly arise from the filler 
particles, and are governed by the nature of filled inclusion. Therefore, the choice of filler 
is dependent on the desired properties. For example if electrical conductivity is important, 
electrically conductive fillers need to be used whereas for dielectric/magnetic properties, 
fillers with magnetic/electric dipoles are preferred [5]. 
Various fillers have been used so far to impart electromagnetic properties to polymers 
including metallic fibres such as stainless steel fibres [117, 118] and copper fibres [119], 
and metallic particles such as nickel [120].  However, in addition to the difficulties 
associated with dispersion of nanofillers, metallic particles have also the drawback of 
heavy weight. Carbon-based conductive fillers, on the other hand, do not have the latter 
problem [108] and have received a lot of attention from the scientific community. 
Carbonous particles such as carbon black [121, 122], carbon fibre [110, 123], and carbon 
nanotubes [4, 106, 111, 112, 124] have demonstrated to be effective fillers for preparing 
conductive composites with EMI shielding properties. It has been also shown that 
composites with carbon-based particles can even perform well as microwave absorbers in 
harsh environments [125]. 
In recent years, graphene has been also embedded in polymers and has exhibited good EMI 
shielding performance. Various polymers including poly(dimethyl siloxane) [126], epoxy 
[127], wax [128], poly (ethylene–vinyl acetate) [129], poly methyl methacrylate [130] and 
poly aniline [131] have been used as host media for graphene and their EMI shielding 
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effectiveness has been reported. Recently, microwave attenuation performance of reduced 
graphene oxides (r-GO) composites versus that of graphite nanosheet (GN) composites 
was investigated and it was observed that r-GO composites exhibited 3-10 times higher SE 
than GN composites [132]. Graphene-based composites also displayed satisfactory 
shielding performance at elevated temperatures (323- 473 K) [133, 134]. 
 
2.7 Rheology	and	gelation	
Rheology is basically study of flow behaviour of complex materials, including polymeric 
materials, under different flow conditions. The three basic measurement techniques usually 
used in rheological studies are: steady-state shear, dynamic, and extensional rheology. 
Shear measurements are utilised to determine the flow behaviour and structure evolution of 
a material under a steady-state deformation mode. Dynamic rheology uses a frequency 
excitation technique for studying the molecular-level as well as micro- and nano- structures 
of a polymeric material, and is therefore considered as a structural analysis tool. Lastly, 
extensional rheology investigates the structural changes of the material when it undergoes 
stretching in the absence of surface effects [2].  
Rheological study of polymeric materials is important with respect to the processing of 
these materials, which exhibit liquid-solid (viscoelasticity) behaviour in the melt phase 
leading to complications in processing. Furthermore, as mentioned above rheology can be 
used as a tool for examining the structure of filled polymers including nanocomposites [2, 
55]. In the current study, the rheological behaviour of the prepared nanocomposites was 
investigated in dynamic and steady-state shear modes. 
34 
2.7.1 Dynamic	rheological	measurement	
Information obtained from dynamic rheological measurements provide valuable insight 
into the microstructure of filled polymers. Creep and creep recovery, stress relaxation, and 
oscillatory deformation are three types of dynamic rheometry. Dynamic oscillatory 
rheology usually involves imposing a small amplitude sinusoidal strain (Eq.  2-24) and 
measuring the resultant sinusoidal stress (Eq.  2-25) [53]. In these equations, ߛሺݐሻ is the 
sinusoidal strain; ߛ଴ is the strain amplitude; ω is the frequency of the oscillation; ߬ሺݐሻ is the 
sinusoidal stress; ߬଴ is the stress amplitude; ߜ is the phase lag angle or loss angle. 
ߛሺݐሻ ൌ ߛ଴sin	ሺ߱ݐሻ Eq.  2-24 
߬ሺݐሻ ൌ ߬଴sin	ሺ߱ݐ ൅ ߜሻ Eq.  2-25 
 
 
From this simple test, viscoelastic properties of the material can be determined from the 
following formulas, including the storage (elastic) modulus G', loss (viscous) modulus G'', 
and complex viscosity η*.	These parameters are directly related to the quiescent structure 
of the understudy material [53]. 
ܩᇱ ൌ ൬߬଴ߛ଴൰ ܿ݋ݏߜ 
Eq.  2-26 
ܩᇱᇱ ൌ ൬߬଴ߛ଴൰ ݏ݅݊ߜ 
Eq.  2-27 
ߟ∗ ൌ ඨ൬ܩ
ᇱ
߱൰
ଶ
൅ ൬ܩ
ᇱᇱ
߱ ൰
ଶ
 
Eq.  2-28 
 
Rheological behaviours of polymers usually exhibit significant changes with addition of 
filler. In dynamic oscillatory measurements, the extent of linear viscoelastic (LV) region of 
a material is usually determined via strain sweep test. Due to high sensitivity of G' to the 
changes in the material's structure, G' is monitored as a function of strain amplitude, and 
the onset of non-linear viscoelasticity is marked by the onset drop in G' in the strain sweep. 
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In LV region, the deformation is small enough for the modulus to be independent of 
deformation. It has been found that LV region is very sensitive to the presence of filler 
particles, and its extent becomes smaller with increasing filler concentration [2, 53, 135]. 
Frequency sweep tests, within the LV region, are commonly used to probe the 
microstructure of polymer nanocomposites. Similar to other types of nanofillers (i.e. clay 
or CNTs), addition of GNPs to various polymers has shown significant effect on the 
viscoelastic properties of the matrices. Dynamic viscoelastic properties of systems with 
low graphene/graphite loadings such as polypropylene (0 - 3 wt%) [29], polyethylene 
(0 - 3 wt%) [30], poly(arylene ether nitriles) (0 - 5 wt%) [31], polystyrene (0 - 2.5 wt%) 
[32], poly(methyl methacrylate) (0 - 1.58 vol%) [33] have been investigated. Rheology of 
highly filled systems including poly(styrene-b-ethylene-ran-butylene-b-styrene) 
(0 - 1 wt%) [34], polycarbonate (0 - 12 wt%) [35], polydimethylsiloxane (0 - 12 wt%) [36], 
and polypropylene (0 - 20 wt%) [37] have been also evaluated. 
It is generally known that increasing the filler loading results in higher values of 
viscoelastic properties the low frequency region as compared to that at high frequencies 
where G' and G'' converge, as can be seen for polycarbonate/multiwalled carbon nanotubes 
(MWNT) composites in Figure 2.5. In particular, the variations of storage modulus with 
filler loading have been of interest to the researchers. The contribution of nanofiller 
embedding to the increase in G' has been attributed to two primary phenomena. First, the 
interactions between the nanofillers and the matrix such as adsorption of the polymer 
chains to the surface of the particles could restrict the mobility of the macromolecules. 
Second, as the nanofiller concentration increases within the polymer, the particles establish 
contacts with one another and start to form network structures within the matrix, leading to 
significant increase in G' of the system [65]. Loss modulus exhibits increasing trend with 
nanofiller loading similar to the storage modulus but the rate of increase is smaller [2].  
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The effect of filler on the dynamic moduli is more pronounced in the low frequency region 
as compared to that at high frequencies where G' and G'' converge, as seen in Figure 2.5 (a 
and b). Similar to the moduli, the complex viscosity of the polymer increases with 
nanofiller incorporation, exhibiting greater changes over the low frequency region 
compared to the higher frequencies (Figure 2.5 c). 
  
 
Figure 2.5 (a) G', (b) G'' and (c) η* of polycarbonate/multiwalled carbon nanotubes (MWNT) 
composites versus frequency as a function of MWNT loading. Please refer to Ref. [136] for higher 
quality figure. 
 
2.7.1.1. Time‐temperature	superposition	(TTS)	
For many polymers and some filled-polymer systems with low filler content, time-
temperature superposition (TTS) principle can be applied to their viscoelastic properties 
(i.e. storage modulus), obtained at different temperatures, in order to generate a master-
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curve at a reference temperature that covers a wider range of angular frequency. Materials 
to which TTS is applicable are said to be thermorheologically simple. Thermorheological 
simplicity is obtained when all contributing retardation or relaxation mechanisms of the 
material have the same temperature dependence and when stress magnitudes at all time or 
frequencies have the same temperature dependence [137]. TTS is performed by using a 
time (horizontal) shift factor, ்ܽ, and a modulus (vertical) shift factor, ்ܾ, as shown in the 
following equations [138], where T0 is an arbitrary reference temperature. 
ߟ଴ሺܶሻ ൌ ்ܽሺܶሻ்ܾሺܶሻ	ߟ଴ሺ ଴ܶሻ Eq.  2-29 
ܩᇱሺܶሻ ൌ 	்ܾሺܶሻܩᇱሺ ଴ܶሻ  Eq.  2-30 
 
If the vertical shift is taken to be unity, the horizontal shift factor can then be obtained from 
viscosity in the low frequency region: 
்ܽሺܶሻ ൌ 	ߟ଴ሺܶሻ ߟ଴ሺ ଴ܶሻ⁄  Eq.  2-31 
 
It has been suggested that the thermorheological simplicity of the material is better 
detected from the linear rather than logarithmic scales graphs [137]. A direct method 
proposed by Van Grup and Palmen for checking the applicability of TTS is to plot the loss 
angle versus log complex modulus (ܩ∗ ൌ ඥሺܩᇱሻଶ ൅ ሺܩᇱᇱሻଶ). If the effect of ்ܾ on the 
magnitude of complex modulus is negligible, data of a thermorheologically simple material 
measured at different temperatures will lead to a good superposition, while data of a 
thermorheologically complex material will split up [139]. In the present study, Van Gurp-
Palmen plots were used to determine the applicability of TTS principle for the prepared 
GNP-based nanocomposites (Chapter 6). Thermorheological complexity in polymers filled 
with nanofillers usually starts at very low filler loadings, and has been reported for 
different types of fillers including carbon nanofibres [140] and organoclay [141, 142]. 
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2.7.1.2. Percolation	and	physical	gelation	
For different types of fillers and nanofillers, it has been observed that the presence of the 
particles results in qualitative changes in the frequency spectra of the viscoelastic 
properties of the matrix; storage and loss moduli start to flatten and form plateau at low 
frequencies while complex viscosity changes from a Newtonian plateau to a continuously 
decreasing trend with increasing filler loading [143]. 
The filler concentration at which the dynamic moduli, in particular G', begin to exhibit 
frequency independency (plateau) in the low-frequency region is called as the rheological 
percolation threshold. The percolation threshold marks the transition of rheological 
behaviour of the melt from liquid-like (ܩᇱ ∝ ߱ଵ	ܽ݊݀	ܩᇱᇱ ∝ ߱ଶ) to pseudo-solid-like 
(ܩᇱܽ݊݀	ܩᇱᇱ ∝ ߱଴). Various methods have been used to determine the rheological 
percolation threshold for filled polymers. In one method, the slope (α) of ݈݋݃ ܩᇱ	‐	݈݋݃߱ 
plot at low frequencies is plotted versus the filler loading. In this graph, the sudden change 
in α (as shown in Figure 2.6a) is considered to represent the percolation threshold. In 
another method, Van Gurp-Palmen plot is used to identify the percolation threshold [144], 
as illustrated Figure 2.6b. In Van Gurp-Palmen plot, the liquid-like behaviour of melt is 
indicated by limீ∗→଴ ߜ	= 90° while for a solid-like behaviour, δ drops towards zero when 
approaching its plateau modulus ܩ଴ at low frequencies. As observed in Figure 2.6b, for up 
to 1 wt% CNTs, ߜ approaches 90º at low ܩ∗ but ߜ of nanocomposites with 2.5 wt% and 
higher CNT loadings deviates from 90º. Therefore, the CNT percolation threshold in this 
system is between 1 and 2.5 wt%. 
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Figure 2.6 Determining percolation threshold from (a) slope (α) of ܔܗ܏ࡳᇱ െ ܔܗ܏࣓ plot for silicate 
in ethylene-vinyl acetate copolymer Ref. [145] and from (b) Van Gurp–Palmen plot for CNTs in 
high density polyethylene Ref. [146] 
 
In addition to these two methods, some researchers have used the Winter-Chambon 
gelation criteria [147] to estimate the rheological percolation threshold [148, 149]. The 
liquid-solid transition (percolation) in filled polymers could be considered as a kind of 
physical gelation, which follows the Winter-Chambon criteria of chemical gels [140]. A 
physical gel can be viewed as a percolated 3D network, in which the macroscopic 
connectivity arises from physical interactions instead of chemical bonds in chemical 
gelation [143]. According to the Winter - Chambon method, the gel point (percolation 
threshold) can be determined from frequency independency of tan δ in the low frequency 
region. In this method of determining the percolation threshold, the gel point is detected by 
the observation of a frequency independent value of tan δ obtained from a multi-frequency 
plot of tan δ versus filler concentration as demonstrated in Figure 2.7a.  This technique 
allows determination of the gel point without the system being exactly at the gel point. The 
crossover point in Figure 2.7a represents a frequency independent value of tan δ, and is the 
percolation concentration.  
A system at gel point relaxes in a universal, self-similar time function and its relaxation 
modulus G(t) can be described by Eq.  2-32 in which n is the relaxation exponent 
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(0 < n < 1) and S is related to the physical strength of the gel network with the unit of 
Pa.sn. The storage and loss moduli of the system at gel point also obey a scaling law 
(Eq.  2-33) with the same exponent n (ω is the angular frequency). 
ܩሺݐሻ ൌ ܵݐି௡ Eq.  2-32 
ܩᇱሺ߱ሻ, ܩᇱᇱሺ߱ሻ ∝ 	߱௡ Eq.  2-33 
ܩᇱᇱሺ߱ሻ ܩᇱሺ߱ሻ⁄ ൌ ݐܽ݊ߜ ൌ tanሺ݊ߨ 2⁄ ሻ Eq.  2-34 
 
Having the tan δ at gel point (crossover point in Figure 2.7a), n can be easily calculated 
from Eq.  2-34. Since the phase angle (δ) varies from 0 to π/2 as n takes a value between 0 
and 1, n measures the rheological state from a perfectly elastic solid to a completely 
viscous liquid. Considering that an elastic network forms at the gel point, it will be 
impossible for n to have a value of 1 to meet δ = π/2. On the other hand, since an ideally 
elastic state is also infeasible at the gel point, n will not take a value of 0 [148]. According 
to the theory of linear viscoelasticity of polymers, the G' and G'' are given by Eq.  2-35 and 
Eq.  2-36, respectively. 
ܩ′ሺ߱ሻ ൌ 	߱	න ܩሺݐሻ	ݏ݅݊ሺ߱ݐሻ݀ݐ
ஶ
଴
 
Eq.  2-35 
ܩ′′ሺ߱ሻ ൌ 	߱	න ܩሺݐሻ	ܿ݋ݏሺ߱ݐሻ݀ݐ
ஶ
଴
 
Eq.  2-36 
Therefore, G' and G'' at the gel point can be determined from Eq.  2-37 in which Γ is the 
gamma function. According to this equation, plotting G' and G''/tan (nπ/2) against filler 
concentration (Figure 2.7b) will give the value of G' at the gel point. Consequently, S can 
be calculated by using the same equation [143]. 
ܩ′ሺ߱ሻ ൌ ܩ′′ሺ߱ሻ/ݐܽ݊ሺ݊ߨ/2ሻ 	ൌ ܵ߱௡Γሺ1 െ ݊ሻܿ݋ݏሺ݊ߨ/2ሻ Eq.  2-37 
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Figure 2.7 (a) determination of percolation threshold of carbon nanotubes in polycarbonate by 
using gelation theory, (b) plot of G' (solid) and G''/tan(nπ/2) (dashed) for the same system [149]. 
 
The liquid-solid transition in the rheological behaviour of filled polymers has been 
commonly attributed to the formation of interconnected structures of filler particles within 
the matrix [53, 150-153]. However, few studies have reported [136, 140] that the 
percolation threshold determined for a filled polymeric system is dependent on the 
temperature of the measurements. Such temperature dependence of rheological percolation 
threshold is in contrast to the assumption that the liquid–solid transition originates only 
from the network formation of the filler particles. To explain the variation of the 
rheological percolation threshold with temperature in filled polymeric systems, a 
combination of polymer-polymer, polymer-filler and filler-filler interactions has been 
proposed to be responsible for the percolating network within the matrix [136, 140]. These 
interactions are dependent on various parameters including the nanofiller geometry, 
loading concentration and distribution as well as the nature of the polymer matrix and the 
chemistry of the particles' surface [140]. These interactions govern the rheological 
dynamics of the filled polymeric system and are responsible for the liquid-solid transition 
(physical gelation) in the rheology of the system. The physical cross-linking interactions, 
induced by nanofiller particles, result in the formation of a combined filler and polymer 
percolating 3D network (physical gelation) within the nanocomposite, which is responsible 
for the pseudo-solid-like behaviour of the material [143].  
(a) (b) 
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2.7.2 Steady	shear	measurement	
Investigating the steady-state shear rheology of polymeric materials is of significant 
importance since many industrial processes such as extrusion and the flow in different 
types of die encounter such shear flow behaviour [53]. GNP incorporation in polymers has 
been observed to increase the viscosity of the melt, similar to other rigid nanofillers. This 
increasing trend in viscosity with GNP loading can be ascribed to the increased 
interactions between the polymer macromolecules and the platelets as the amount of GNPs 
increases in the nanocomposites. These interactions can reduce the mobility of polymer 
chains. Furthermore, as the GNP concentration is raised in the matrix, interconnected 
structures of GNPs form and lead to significant increase in the viscosity of the system [65, 
91]. 
Increase in viscosity could cause difficulties in the fabrication and processing of polymer 
nanocomposites. Some studies have reported lower melt viscosities for GNP-based 
nanocomposites compared to the systems containing carbon black, carbon nanofibres and 
carbon nanotubes [88, 154]. Lower composite solution viscosity has been also reported for 
systems with GNPs compared to those with CNTs [155], which could be beneficial in 
solution-based processes. This difference has been associated with the ability of the 
platelets to slide past one another and act as a solid lubricant while the entanglements of 
other nanofillers such as CNTs could significantly increase the viscosity of the system 
[156, 157]. 
Addition of rigid nanofillers to polymers not only increases the melt viscosity, but can also 
alter the shear rate dependency of viscosity. At low shear rates, steady shear viscosities for 
nanocomposites have been found to diverge from the Newtonian plateau. Moreover, the 
extent of shear-thinning in the nanocomposites is such that usually at high shear rates, they 
have viscosities comparable or even lower than that of unfilled matrix. Such behaviour has 
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been observed for various nanofillers including clay particles [145] and GNPs [91]. It has 
been proposed that this observation may be due to the polymer imprisonment between the 
platelets, causing the polymer to undergo a larger effective strain rate. Furthermore, the 
preferential orientation of the silicate layers or the graphene nanoplatelets or even their 
anisotropic tactoids parallel to the flow direction at elevated shear rates can lead to 
nanocomposites having viscosities comparable with or even lower than the viscosity of 
pure polymer at high shear rates [53, 135, 158].  
2.8 Summary	
Environmental concerns associated with waste disposal of persistent polymers have created 
an ever-increasing interest in replacing these materials with biodegradable polymers 
wherever possible including producing functional nanocomposites. PLA and PBAT are 
currently two of the prevalent biodegradable polymers, one being bio-sourced and one 
being synthesised from petroleum, respectively. While PLA nanocomposites with various 
fillers have been extensively studied, the research on PBAT has been very limited and it 
has been mostly used as a second phase in polymeric blend. In the current research, PLA 
and PBAT are used separately as host matrices for producing biodegradable 
nanocomposites with electrical properties. Different properties of PLA and PBAT 
nanocomposites containing the same concentration of GNPs are systematically compared 
in this work. 
Excellent mechanical and electrical properties along with lower production cost render 
GNP a viable alternative to CNT for reinforcing polymers and producing electrically 
conductive nanocomposites. Electrical conductivity of such materials could be used in 
various electronic and electrical applications. In particular, conductive polymeric 
nanocomposites have received significant attention for replacing traditional EMI shielding 
materials, due to their advantages over metals. While many researchers have emphasised 
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on the electrical properties of GNP-based nanocomposites, many of them have failed to 
quantitatively investigate such properties. The present study addresses this gap by 
determining the effect of GNP incorporation on the electromagnetic properties of PLA and 
PBAT nanocomposites as well as quantitatively evaluating the performance of these 
nanocomposites in attenuating electromagnetic radiations. 
As an important part of nanocomposites characterisation, variations of the melt flow 
behaviour of GNP-based nanocomposites with low and high GNP loadings have been 
investigated extensively [29-37, 159]. Such studies are important not only with respect to 
processing of nanocomposites but also as a tool to examine their microstructure. However, 
it is interesting to notice that while it is known that temperature can affect microstructure 
of the materials, including polymeric nanocomposites, there has been no research 
investigating the effect of temperature on the viscoelastic properties of GNP-based 
nanocomposites. Polymer melts usually exhibit a decreasing trend in their viscoelastic 
properties with increasing temperature. Nanocomposites, on the other hand, are more 
complicated systems, which consist of various interactions including polymer-polymer, 
polymer-filler, and filler-filler interactions. The present research aims to shed some light 
on the matter by investigating the variations of the viscoelastic properties of GNP-based 
nanocomposites under simultaneous effects of GNP loading and temperature.  
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3.Chapter	3	
Materials	and	Methods 
 
 
This chapter describes the experimental aspect of this research including the raw materials, 
nanocomposites fabrication technique and procedure as well as the techniques used for 
characterisation of the nanocomposites. 
3.1 Materials		
3.1.1 Polymeric	matrices	
PLA was purchased from NatureWorks LLC. The grade used was 4032D, which exhibits a 
density of 1.24 g/cm3 and a melting temperature range of 155 - 170 °C [160]. PBAT was 
Ecoflex F Blend C1200 (BASF) with density of 1.25 - 1.27 g/cm3 and melting temperature 
range of 110 – 120 °C [16]. Figure 3.1 depicts the chemical structures of PLA and PBAT. 
 
Figure 3.1 Chemical structure of PLA and PBAT. 
 
3.1.2 Graphene	nanoplatelets	
Graphene nanoplatelets (GNPs) are  graphitic nanoparticles with layered structure, which 
are composed of stacked 2D graphene sheets bonded together with van der Waals forces 
[91]. “M” grade GNPs was obtained from XG Sciences (US Michigan) with average 
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thickness of 6 - 8 nm, surface area of 120 - 150 m2/g, density of 2.2 g/cm3 and electrical 
conductivity of 102 and 107 S/m for perpendicular and parallel to the surface, respectively 
[94]. 
3.2 Processing	
3.2.1 Melt‐mixing	
To prevent hydrolytic degradation during melt processing, PLA and GNPs were dried at 
80 °C for 12 hours in an oven prior to the processing. PBAT pellets were dried at 60 °C. 
PLA/GNP and PBAT/GNP nanocomposites were prepared in a Haake Rheomix OS R600 
internal mixer (Figure 3.2) with roller rotors operated at 60 rpm for a mixing time of 10 
min. The mixing temperatures were 180 °C and 140 °C for PLA/GNP and PBAT/GNP 
nanocomposites, respectively. A total of 60 g material was fed to the mixer for every batch. 
Nanocomposites were prepared with six different GNP concentrations from 0 to 15 wt%. 
Table 1 summarises the compositions of the nanocomposites and their corresponding 
codes. 
Table 3.1 Composition of the nanocomposites. 
GNP loading (wt%) 0 3 6 9 12 15 
PLA/GNP PL0 PL3 PL6 PL9 PL12 PL15 
PBAT/GNP PB0 PB3 PB6 PB9 PB12 PB15 
 
3.2.2 Compression	moulding	
Prepared nanocomposites were then moulded into dumbbell-shaped (ASTM D638 
mechanical testing specimens), 2 mm-thick discs with a diameter of 25 mm (for 
rheological measurements) and rectangular specimens with three thicknesses (1, 1.5 and 
2.8 mm) by using a compression moulding instrument (Figure 3.3). Moulding temperature 
was 180 °C and 140 °C for PLA/GNP and PBAT/GNP systems respectively, and the 
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compression force was kept at 80 kN for 5 minutes. Cooling water was then used to cool 
the moulding press to 50 °C. 
  
Figure 3.2 Haake Rheomix OS R600. Figure 3.3 Compression moulding. 
 
3.3 Characterisation	
3.3.1 Scanning	electron	microscopy	
Pure PBAT and its GNP nanocomposites were fractured after keeping them in liquid 
nitrogen for 3 minutes. Fractured surfaces of pure PLA and PLA/GNP nanocomposites 
were obtained from tensile strength tests samples. Samples were then dried in a vacuum 
oven at 50 °C overnight prior to the microscopy. A FEI Quanta 200 scanning electron 
microscope (Figure 3.4) was used to study the morphology of the nanocomposites. For 
samples with up to 6 wt% GNPs, an accelerating voltage of 5 kV was used to avoid 
charging and for nanocomposites with higher GNP concentrations, accelerating voltage 
was fixed at 10 kV.  
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Figure 3.4 FEI Quanta 200 scanning electron microscope. 
3.3.2 X‐Ray	diffraction		
X-ray diffraction (XRD) tests were conducted at ambient temperature using a Bruker D4 
ENDEAVOR diffractometer (Figure 3.5) with LynxEye detector over 2θ range of 5 - 90º. 
The X-ray beam was nickel-filtered Cu-Kα radiation with a wavelength of 1.54 Å, 
operated at a generator voltage of 40 kV and a current of 35 mA. GNPs were in fine 
powder form while PLA, PBAT and their nanocomposites samples were cut from the 
compression moulded specimens. 
 
Figure 3.5 Bruker D4 ENDEAVOR diffractometer. 
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3.3.3 Modulated	differential	scanning	calorimetry	
Thermal properties of the nanocomposites were investigated by a modulated differential 
scanning calorimeter (MDSC) with a TA Instrument Model 2920 (Figure 3.6) under 
nitrogen. The analyses were performed following a heat-cool-heat cycle at heating and 
cooling rates of 2 °C/min which were modulated at ± 0.5°C/40 s. The scanned temperature 
ranges were 0 - 200 °C and -65 - 180 °C for PLA/GNP and PBAT/GNP nanocomposites, 
respectively. 
 
Figure 3.6 DSC TA Instrument Model 2920. 
 
3.3.4 Thermogravimetric	analysis	(TGA)	
Thermogravimetric tests were conducted using a Perkin Elmer TGA (STA 6000) 
(Figure 3.7). Samples were first stabilised at 50 °C for 2 minutes and then heated up to 
900 °C under a nitrogen atmosphere at a heating rate of 10 °C/min. Isothermal 
degradations of pure PLA and PBAT as well as their nanocomposites with 15 wt% GNPs 
were also tested at 265 °C for 5 hours in air. 
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Figure 3.7 Perkin Elmer TGA (STA 6000). 
 
3.3.5 Mechanical	testing	measurements	
An Instron 4467 Universal testing machine (Figure 3.8) was used to measure the tensile 
properties according to ASTM D638M. Measurements were performed at ambient 
temperature with crosshead speed rates of 1 and 5 mm/min for PLA/GNP and PBAT/GNP 
nanocomposites, respectively, using a distance of 115 mm between the grips with the 
extensometer set at 50 mm.  
 
Figure 3.8 Instron 4467 Universal testing instrument. 
 
3.3.6 Electrical	properties	
3.3.6.1 Electromagnetic	and	EMI	shielding	properties	
EMI shielding effectiveness (SE) of materials can be determined from their scattering (S-) 
parameters. S-parameters correspond to the reflected (S11 or S22) and transmitted (S21 or 
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S12) powers. S-parameters of PLA/GNP and PBAT/GNP nanocomposites were collected 
over the frequency range of 8.2-12.4 GHz using a vector network analyser (VNA) (Wiltron 
37269A) with WR-90 waveguide setup (Figure 3.9). Full two-port Thru-Reflect-Line 
calibration was initially performed on the VNA. Samples were cut from the compression 
moulded parts and sized to 22.86 × 10.16 mm2 to fit into the waveguide sample holder. A 
schematic illustration of measuring S-parameters with waveguide and sample holder is 
depicted in Figure. 3.10.  
 
Figure 3.9 Wiltron 37269A vector network analyser with waveguide setup. 
 
 
Figure. 3.10 Schematic demonstration of measurement of reflected and transmitted powers for a 
sample using a VNA with waveguide setup. 
 
3.3.6.2 DC	Conductivity	
DC resistance/conductivity measurements were carried out using a HP 34420A nano-volt 
meter (device in the middle in Figure 3.11) and a Keysight B2985A high resistance meter 
I= 1: Incident power 
R=׀S11׀2 : Reflected power 
T=׀S21׀2 : Transmitted power 
A= I- R- T:  Absorbed power 
S11 
S21 
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(device on right in Figure 3.11). Both meters were used for the measurements in order to 
cover resistance values ranging from Tera-Ohms (for samples with very low conductivity) 
to kilo-Ohms (for samples with higher conductivities). The samples were all cut to 
identical cross section areas and their mean thicknesses were measured.  They were then 
placed within a conductivity force rig (device on left in Figure 3.11). The force rig 
contained two high purity copper platens which were contact calibrated for the HP 34420A 
volt meter before the measurements. This was not required for the Keysight B2985A as its 
lowest resistance value is beyond the losses induced from the cables and through the 
copper platens. The applied force on each sample was measured and were all maintained 
between 415 N to 430 N.  
 
Figure 3.11 Setup for DC electrical conductivity measurements. 
3.3.7 Rheological	measurements	
Dynamic shear rheology of PBAT/GNP and PLA/GNP nanocomposites was investigated 
by using a strain-controlled Advanced Rheometrics Expansion System (ARES) rheometer 
(TA Instruments) (Figure 3.12) with a force transducer of torque range of 0.2 – 200 g.cm 
and parallel-plate fixture of 25 mm diameter. Linear viscoelastic region of each 
PBAT/GNP and PLA/GNP composition was first determined by running strain sweep tests 
at an angular frequency of 10 rad/s and within the strain range of 0.034 - 270%. Frequency 
sweeps were then conducted on fresh samples within their linear region to determine the 
effect of GNP concentration on storage and loss moduli and also complex viscosity of the 
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nanocomposites. Measurements were conducted at different temperatures: 180 - 220 °C for 
PLA/GNP nanocomposites and 160 - 220 °C for PBAT/GNP nanocomposites. 
Steady shear rate tests were also conducted on PBAT/GNP nanocomposites using the same 
instrument at temperatures of 140 °C, 160 °C and 180 °C. In both dynamic and steady 
shear tests, a fresh sample was used for measurements at each temperature for every 
composition. Steady shear rheology of PLA/GNP nanocomposites was previously 
investigated by our group [135] and therefore was not considered in the present work. 
 
Figure 3.12 ARES Rheometer. 
3.4 Possible	sources	of	error	in	measurements	
Experimental parts of research projects can be affected by various types of error including 
the followings [1]: 
 Systematic errors, which could arise from not proper calibration of the instruments 
 Human errors, which may be due to inaccurate use of instruments by the researcher 
or not following exactly the same procedure for all the measurements 
 Random errors, which are part of almost any experimental work and may be 
reduced by repeating the experiments and measurements. 
In this section, the possible error sources during different characterisation procedures are 
discussed. 
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3.4.1 Errors	in	production	of	nanocomposites	
Polymers may thermally degrade during the processing, i.e. melt-mixing and compression 
moulding. In particular, PLA is very likely to undergo thermal degradation during 
processing and therefore, efficient pre-drying is required. Both PLA and PBAT pellets as 
well as graphene nanoplatelets were dried prior to the melt-mixing. Additionally, 
compression moulding of the nanocomposites into desired geometry was immediately done 
after their production (refer to Section 3.2). In addition, effort was made to follow exactly 
the same procedure for producing all the nanocomposites and the compression moulded 
samples. 
3.4.2 Errors	in	MDSC	measurements	
To minimise the errors in MDSC measurements, the same settings were used for all the 
samples, i.e. calibration, nitrogen flow, keeping all parts of the instrument stationary, etc. 
Furthermore, concerted efforts have been made in using consistent samples (size, weight 
and thickness) for these measurements in order to reduce the error associated with very 
small sample size used in MDSC measurements. In addition, to remove the errors in 
reading the thermal properties of the nanocomposites due to the thermal history of the 
samples, the measurements were conducted by following a heating-cooling-heating 
procedure. Thermal properties of the nanocomposites were determined from the second 
heating cycles. 
3.4.3 Errors	in	TGA	measurements	
Similar to MDSC measurements, care was taken to make sure that all parts of TGA 
instrument were stationary at all times. Gas flow (nitrogen or air) was regulated and the 
exact same procedure was used for all the samples. The specimens used for TGA tests had 
almost the same thickness, geometry, and weight. Specimens were first equilibrated at 
50 °C for two minutes and were then tested by using temperature scan or isothermal 
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methods. Furthermore, reproducibility and repeatability of the data were investigated by 
repeating the measurements for at least three specimens for each nanocomposite. 
3.4.4 Errors	in	tensile	testing		
Presence of holes in the dumbbell-shaped tensile testing specimens can result in premature 
rupture of specimens, leading to inaccurate evaluation of the mechanical properties of the 
nanocomposites. Therefore, care was taken when preparing the specimens by compression 
moulding to make sure the hollow parts of the mould were fully filled by molten 
nanocomposites. In addition, the reproducibility of the mechanical testing results was 
investigated through performing the measurements on at least five specimens for each 
nanocomposite. 
3.4.5 Errors	in	electromagnetic	properties	measurements		
Two main sources of errors for these measurements are the instrument calibration and the 
size of the specimens. To minimise these errors, the instrument was properly calibrated 
(full two-port Thru-Reflect-Line calibration) prior to each set of measurements. Care was 
taken to keep the instrument, the cables and the waveguides stationary during the 
measurements. Furthermore, the specimens were cut very carefully out of the moulded 
samples in order to make sure that they completely filled the sample holder's cavity.  
3.4.6 Errors	in	rheological	measurements	
Various sources of error may exist in rheological measurements including poor calibration 
of the rheometer before the measurements; inaccurate zeroing of the gaps between the 
parallel plates, and inconsistencies with the software programming due to the human error. 
Furthermore, loading the sample between the plates and setting the gap could also 
contribute to the errors in the measurements. In order to minimize these errors, the 
following points were practised. The specimens were dried in a vacuum oven at 50 °C 
overnight proper to the measurements in order to remove any moisture and prevent 
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degradation during the testing. The rheometer was properly calibrated by the lab technical 
officer before performing the measurements. Zeroing of the gap between the parallel plates 
was carefully performed before testing each specimen. The same procedure was followed 
for each measurement; first, the rheometer was brought to the temperature, then the 
specimen was loaded in the gap between the plates and was then allowed to reach thermal 
equilibrium with the rheometer before lowering the upper plate to a fixed gap height. 
Setting of the gap was carried out slowly to avoid introducing stress to the specimen. 
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4Chapter	4	
Morphology,	Thermal	and	Mechanical	Properties	
 
 
4.1 Introduction	
This chapter is extracted from the results and discussion section of a journal paper which is 
currently under review for publication. The chapter includes the morphological studies of 
PLA/GNP and PBAT/GNP nanocomposites, which were carried out by scanning electron 
microscopy (SEM) and X-Ray diffraction (XRD). Furthermore, the thermal properties and 
thermal stability of the nanocomposites, investigated by modulated differential scanning 
calorimetry (MDSC) and thermogravimetric analysis (TGA) are also reported and 
discussed. Variation behaviour of Young's modulus of the nanocomposites, obtained from 
tensile testing, with GNP incorporation is included in this chapter as well. 
4.2 SEM	studies	
Dispersion state of GNPs in the matrices was investigated via scanning electron 
microscopy of the fractured surfaces of PLA/GNP and PBAT/GNP nanocomposites. The 
flake-like shape of GNPs and their high aspect ratio can be observed from the micrograph 
in Figure 4.1. Figures 4.2 and 4.3 show the SEM images of PLA and PBAT 
nanocomposites with 3 and 6 wt% GNPs at two different magnifications so a better picture 
of GNP dispersion can be gained. It is observed that at 3 wt%, GNPs are uniformly 
dispersed in both polymers. However, PBAT is found to better separate the platelets than 
PLA in which more layers of graphene are stacked together. The voids between the 
platelets and the polymer matrices are indications of the insufficient adhesion between the 
nanocomposite constituents [161]. Thus, the smaller voids observed between the platelets 
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and PBAT (Figure 4.2 a, b) as compared to PLA (Figure 4.2 c, d) indicate the higher 
affinity of GNPs to PBAT. This observation is in agreement with a previous research 
[162], which also detected a better degree of graphene dispersion in PBAT than in PLA. It 
is also interesting that in a study on dispersion of CNTs in a blend of PLA and PBAT, 
higher affinity was detected between the nanotubes and PBAT [163]. 
   
Figure 4.1 SEM image of GNPs. 
 
As the GNP loading is raised to 6 wt% (Figure 4.3), bigger clusters of GNPs are detected 
in PL6 than in PB6, which again indicate the relatively weaker interactions between PLA 
and GNPs, leading to inability of the macromolecules to intercalate the stacked layers of 
graphene. Nevertheless, it is clearly seen in Figure 4.3 that the platelets and tactoids are 
still separated from each other by the matrix in both PL6 and PB6. SEM micrographs of 
nanocomposites with higher GNP contents (Figure 4.4) showed lower degree of GNP 
intercalation with bigger tactoids, where the platelets and their agglomerates began to 
establish physical contacts. The high degree of GNP agglomeration and incapability of 
polymer to separate the platelets at high GNP loadings has been also observed in previous 
studies for poly (propylene) [37] and PLA [164]. 
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Figure 4.2 SEM images of (a,b) PB3 and (c,d) PL3 at two different magnifications. 
 
 
Figure 4.3 SEM images of (a,b) PB6 and (c,d) PL6 at two different magnifications. 
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At 9 wt%, a higher degree of GNP agglomeration is observed and the graphene particles 
and their agglomerates become physically in contact with one another. The built up of 
conductive pathways in the matrix above this GNP loading was also detected via electrical 
conductivity measurements, which are presented in the next section. In a study on poly 
(propylene)/ GNP nanocomposites, Li et al. [37] reported the separation of GNPs at 5 wt% 
while at 15 wt%, the platelets formed agglomerates and became in contact. Narimissa et al. 
[164] also observed high degree of agglomeration and tactoid formation at high levels of 
GNP loading in PLA (10 wt%). 
In  Figure 4.4, higher degree of physical contact can be seen between the platelets in PL9 
than in PB9. It appears that the relatively poor dispersion of GNPs in PLA facilitates such 
contacts at filler loadings above electrical percolation threshold (discussed thoroughly in 
Section 5.2.4). This is schematically illustrated in Figure 4.5. 
 
 Figure 4.4 SEM images of (a) PL9 and (b) PB9. 
 
 
Figure 4.5 Schematic illustration of GNP dispersion in (a) PLA and (b) PBAT above electrical 
percolation threshold. 
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4.3 X‐Ray	diffraction	
X-ray diffraction was used to further study the microstructure of PLA/GNP and 
PBAT/GNP nanocomposites. The diffraction pattern of GNPs (Figure 4.6) exhibited a 
sharp peak at 2θ of 26.5°, which corresponds to the d002 plane of exfoliated graphite 
nanoplatelets and another one at 2θ of 54.6° (d004). This pattern is in agreement with 
previous studies [37, 165, 166]. The two peaks of GNPs were observed for all the 
PLA/GNP and PBAT/GNP nanocomposites with their intensity being increased with 
increasing GNP concentration. 
  
Figure 4.6 X-ray diffraction patterns of GNPs. 
 
Figure 4.7 depicts the diffraction patterns of pure PLA and PBAT as well as those of their 
nanocomposites. As it can be seen, the position of GNPs' peak of 26.5° does not change 
noticeably in the XRD patterns of the nanocomposites, suggesting that the spacing between 
the platelets in the nanocomposites has not increased (Bragg's law) appreciably. Therefore, 
most of the stacked layers of graphene have survived the shearing during melt-mixing. 
Similar observations have been reported by Sabzi et al. [165] and Narimissa et al. [164] for 
GNPs in PLA. 
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Figure 4.7 X-ray diffraction patterns of (a) PLA/GNP and (b) PBAT/GNP nanocomposites. 
 
Pure PBAT exhibits five peaks at 2θ angles of 16.4, 17.6, 20.5, 23.4 and 25.0° related to 
basal reflections (011), (010), (110), (100) and (111), respectively [14, 167]. These five 
peaks are observed at the same angles and with almost same intensities for all the 
PBAT/GNP nanocomposites, indicating that the GNP incorporation does not significantly 
affect the semi-crystalline structure of PBAT. In a study on PBAT/ montmorillonite 
nanocomposites, Chivrac et al. [14] also detected no important changes to the crystallinity 
of PBAT with addition of clay.  
The semicrystalline broad diffraction of pure PLA is observed from 10º to 25.6º with a 
peak at 2θ of 16.7º [164, 168, 169]. It is seen in Figure 4.7(a) that the intensity of the 
PLA's peak in PLA/GNP nanocomposites is higher than in pure PLA. This suggests that 
GNP embedding markedly affects the crystallinity of PLA, in contrast to PBAT. Similar 
effect has been observed in XRD patterns of chitosan [69] and polyaniline [170] loaded 
with graphene. Studies on incorporation of talc (up to 15 wt%) [169] and GNPs (up to 
1 wt%) [168] in PLA have also demonstrated increasing intensity of  2θ of 16.7º peak with 
increasing filler loading. Quantitative investigation of GNP effect on crystallinity of PLA 
and PBAT was carried out via differential scanning calorimetry and is presented in the next 
section.   
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4.4 Modulated	differential	scanning	calorimetry		
Glass transition temperature (Tg), crystallisation temperature (Tc), melting temperature 
(Tm), crystallisation enthalpy (ΔHc), and melting enthalpy (ΔHm)  were determined for 
PLA/GNP and PBAT/GNP nanocomposites from the cooling and the second heating 
cycles and are summarised in Table 4.1. The degrees of crystallinity of PLA, PBAT and 
their nanocomposites were determined from Eq.  4-1: 
ܺ௖ ൌ ∆H∆H୫଴ ൈ ሺ1 െ%wt	filler/100ሻ ൈ 100 
Eq.  4-1 
 
When Xc is evaluated from the cooling cycle, ΔH=ΔHc and when the heating cycle is used, 
ΔH=ΔHm- ΔHcc [169] (ΔHcc is the enthalpy of cold crystallisation). ∆H୫଴  is the melting 
enthalpy of 100% crystalline polymer, which was taken to be 93.6 J/g [171] and 114 J/g 
[167] for PLA and PBAT, respectively. Data obtained from the cooling cycles show that Tc 
of PLA increases markedly from 99 to116 °C as the GNP loading is increased from 0 to 
15 wt%. It is worth noting that addition of the first 3 wt% GNPs increases Tc by 9 °C while 
further increase in GNP content from 3 to 15 wt% gradually increases Tc from 108 to 
116 °C. Crystallinity of PLA is also significantly enhanced by GNP incorporation. Similar 
to Tc changes, addition of the first 3 wt% GNPs increases Xc from 17.4 to 33.7% (more 
than double) while from 3 to 15 wt% GNPs, Xc gradually augments from 33.7 to 38.9 %. 
Similar behaviour has been reported for PLA composites containing 1-15 wt% talc, for 
which Tc and Xc increased from 86 to 89 °C and from 0.9 to 5.6 %, respectively [169]. It 
should be noted that a PLA grade of 3051D (NatureWorks®) and a cooling rate of 
10 °C/min were used in Ref. [169], which are different from those employed in the present 
study. Therefore, while the trends of the thermal properties with filler loading are similar in 
the two studies, their values are different.  
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Table 4.1 Thermal properties of PLA/GNP and PBAT/GNP nanocomposites with a ramp of 
2 °C/min. 
Cooling Cycle Second Heating Cycle 
Sample Tc (°C)  ΔHc (J/g) Xc (%)  Tg (°C)  Tm (°C)  ΔHm(J/g) Xc (%) 
PL0 99 16.3 17.4 59 169 33.9 29.6 
PL3 108 30.6 33.7 61 170 32.8 36.0 
PL6 107 30.1 34.2 61 170 33.4 37.9 
PL9 110 30.6 35.9 60 171 32.9 38.6 
PL12 112 31.3 37.9 59 171 32.4 39.3 
PL15 116 31.0 38.9 60 171 33.4 41.9 
PB0 86 8.2 7.2 -34 123 12.2 10.7 
PB3 98 6.5 5.9 -34 128 8.7 7.9 
PB6 100 5.3 4.9 -35 128 8.2 7.7 
PB9 102 5.6 5.4 -35 129 6.6 6.4 
PB12 104 5.2 5.2 -34 128 5.9 5.9 
PB15 105 4.7 4.9 -34 127 5.0 5.1 
 
Similar to PLA/GNP nanocomposites, Tc of PBAT increases with increasing GNP 
concentration, exhibiting a step-wise increase of 12 °C at the first 3 wt% GNPs followed 
by a gradual increasing trend. However, Xc of PBAT decreases with GNP loading, in 
contrast to PLA/GNP system. A decrease in crystallinity for PBAT has also been 
previously observed with addition of different clay nanoparticles [14, 167].  
In the second heating cycles, illustrated in Figure 4.8, the glass temperatures of PLA/GNP 
and PBAT/GNP nanocomposites were found not to change considerably with GNP 
loading, falling within the ranges of 59 - 61 °C and minus 34 - 35 °C, respectively. Tm of 
PLA and its nanocomposites varies between 169 °C and 171 °C and is in good agreement 
with data reported by other researchers [172]. On the other hand, Tm of PBAT/GNP 
nanocomposites are about 4-6 °C higher than that of pure PBAT. Tm values reported for 
PBAT in some researches [14, 173] are a few degrees lower than the present study. This 
difference could be attributed to the lower heating rate employed in the current work.  
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Pure PBAT and PBAT/GNP nanocomposites exhibit a simple melting process in their 
second heating cycles (Figure 4.8b). On the other hand, pure PLA demonstrates a cold 
crystallisation around 95 °C as well as a small exothermic peak just before the melting 
peak. By addition of GNPs to PLA, both of these two features disappear while a second 
endothermic peak merged with the melting peak begins to appear. At 3 and 6 wt% GNPs, 
this peak appears as a shoulder to the melting peak and as the GNP loading is increased it 
becomes a separate peak. The double-peak melting feature is an indication of the presence 
of two types of crystals in the system and has been reported for several PLA/filler 
composites [164, 169, 174-178]. 
 
Figure 4.8 Comparative MDSC thermograms of (a) PLA/GNP and (b) PBAT/GNP 
nanocomposites during the second heating cycles. 
 
Xc of pure PLA is about 29.6% in the second heating cycle, which increases to 41.9% in 
PL15. This increase in crystallinity of PLA/GNP nanocomposites confirms the XRD 
patterns where addition of GNPs increased the intensity of PLA's peak at 2θ of 16.7º. Xc of 
PBAT, however, shows a mild decreasing trend with GNP loading, in contrast to 
PLA/GNP system, dropping from 10.7% in pure PBAT to 5.1 % in PB15. 
It is interesting to note that Xc values of PLA/GNP nanocomposites determined in the 
second heating cycles are very close to their corresponding values in the cooling cycles. 
This indicates that most of the crystals in these nanocomposites were formed during the 
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solidification and very small amounts of crystals were formed during the heating scan. In 
contrast, pure PLA exhibits considerably higher Xc in the second heating cycle than in the 
cooling cycle, which is due to the cold crystallization occurring during the heating process. 
The difference observed between the crystallisation in unfilled PLA and PLA/GNP 
nanocomposites can be attributed to the lower rate of crystallisation in pure PLA compared 
to the nanocomposites. The increase in Xc of PLA with increasing GNPs, nonexistence of 
cold crystallisation in PLA/GNP nanocomposites and the very close values of Xc of 
PLA/GNP nanocomposites in the cooling and second heating cycles indicate the 
significant effect of GNPs on crystallisation of PLA chains.  
Such effects have been reported for organoclay [176], talc [169], and CNTs [179] in PLA 
as well. However, these studies observed that after a certain filler concentration, 
crystallinity started to decrease. This was ascribed to the interactions between PLA and the 
particles; the polymer chains adsorbed to the particles' surface were partially immobilised 
and therefore could not take part in crystallisation. While at low concentrations, the 
particles acted as nucleating agents, at higher concentrations their interactions with the 
polymer chains affected the crystallinity adversely [176]. In the present study, however, 
such hindrance in crystallisation is not observed for up to 15 wt% GNPs in PLA. This may 
be due to the weak interactions between PLA and the nanoplatelets, as discussed in Section 
4.1. On the other hand, adsorption of PBAT chains to the surface of GNPs seems to 
prevent them from rearranging and consequently decrease the crystallinity of PBAT. 
 
4.5 Thermogravimetric	analysis	
4.5.1 Temperature	scan	
Thermal stability is an important parameter for polymeric materials since it can be a 
limiting factor in their processing as well as their end-use applications [29]. Figure 4.9 
depicts the TGA curves of PLA/GNP and PBAT/GNP nanocomposites. The temperatures 
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at which 5, 10 and 50 % of samples' weight loss occurs (T5%, T10% and T50%) are also 
summarised in Table 4.2. As seen in Figure 4.9, thermal degradation of pure PBAT and 
PLA as well as that of their GNP-based nanocomposites takes place in a single step 
process. The onset thermal degradation of pure PLA is detected to be around 315 °C (1 % 
weight loss) and the degradation is completed at about 380°C, leaving an ash content of 
1.5 %. With a higher onset degradation temperature, 338 °C, and a wider thermal 
degradation window (338 - 426 °C) unfilled PBAT is thermally more stable than PLA and 
it has an ash content of 5 %.  
As it is evident from Figure 4.9, addition of GNPs enhances thermal stability of both PLA 
and PBAT and the TGA curves shift to higher temperatures with increasing GNP loading. 
This enhancement is more significant for PLA particularly at the beginning of degradation. 
The onset degradation temperature of PL15 is found to be 11 °C higher than that of PL0 
while the difference between PB15 and PB0 is only about 2 °C. At higher weight losses, 
the positive effect of GNPs on thermal stability of PBAT becomes more pronounced. T5% 
and T50% of pure PBAT increase by 5 and 7 degrees with addition of 15 wt% GNPs. For the 
same increase in GNP concentration, PLA shows increments of 13.6 and 6.5 degrees in 
T5% and T50%, respectively. The enhancement of thermal stability of PLA and PBAT with 
increasing GNP concentration can be attributed to the shielding effect conferred by the 
flake-like shape of GNPs, which hinders the diffusion of volatile decomposition products 
within the nanocomposites [13, 29].  The platelets may also act as heat sinks, extracting 
more heat than the polymers, not allowing heat accumulation in the polymers and therefore 
reducing the oxidation at early phases of the degradation [81].  
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Figure 4.9 TGA curves of (a) PLA/GNP and (b) PBAT/GNP nanocomposites in nitrogen at 
heating rate of 10 °C/min. 
 
Table 4.2 Temperatures at which 5, 10 and 50 % of initial weights of nanoconposites are lost. 
PLA/GNP Nanocomposites   PBAT/GNP Nanocomposites 
Sample T5% (°C)   T10% (°C)   T50% (°C) Sample T5% (°C)   T10% (°C)   T50% (°C) 
PL0 325.9 338.8 355.7 PB0 369.2 378.6 400.3 
PL3 333.9 339.9 357.0 PB3 368.1 377.1 399.9 
PL6 334.9 339.8 355.0 PB6 369.6 378.3 400.4 
PL9 337.1 342.5 357.6 PB9 371.8 380.5 403.6 
PL12 337.4 343.6 359.2 PB12 373.8 383.2 405.1 
PL15 339.6 345.3 362.2 PB15 374.3 383.7 407.8 
 
The thermal degradation of PLA/GNP and PBAT/GNP nanocomposites in nitrogen is only 
due to the degradation of their polymer content and not the GNPs. Therefore, when for 
example 5 % weight loss occurs in the nanocomposite, the degradation of the polymer 
content of the nanocomposite is higher than 5 % of its initial value. This difference 
becomes larger as the filler loading is increased and as greater weight losses are 
considered. To determine whether GNP incorporation is effectively enhancing the thermal 
stability of PLA and PBAT and that the increase in T5%, T10% and T50% of nanocomposites 
is not only due to the effect of GNPs' weight in the calculations, weight losses of 
PLA/GNP and PBAT/GNP nanocomposites when 5, 10 and 50 % of their initial polymer 
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content degraded were calculated according to the following formula. The corresponding 
temperatures are reported in Table 4.3. 
Weight loss of sample = weight loss of polymer content of sample × (1- (wt% of GNPs in 
the sample/100)) 
As perceived, the temperatures in Table 4.3 are all lower than their counterparts in 
Table 4.2. For example, T5% and T50% of PLA increase by 13.7 and 6.5 °C, respectively, 
with addition of 15 wt% GNPs when the calculations are based on the initial weight of the 
nanocomposite (Table 4.2) while in Table 4.3, T5% and T50% of PLA increase by 12.3 and 
3.9 in PL15, respectively. Similarly, incorporation of 15 wt% GNPs into PBAT increases 
its T5% and T50% by 5 and 7.5 °C in Table 4.2 while these values drop to 2.7 and 3.8 °C, 
respectively, in Table 4.3. A comparison between Table 4.2 and Table 4.3 shows that 
performing thermal stability calculations based on the initial weight of the nanocomposite 
may result in overestimating the effect of filler on enhancing the thermal stability of the 
polymer. Nevertheless, the common practice in so far published works is based on the 
initial weight of the sample. 
Table 4.3 Temperatures at which 5, 10 and 50 % weight reduction occurs in the initial polymer 
content of the nanocomposites. 
PLA/GNP Nanocomposites   PBAT/GNP Nanocomposites 
Sample T5% (°C)   T10% (°C)   T50% (°C) Sample T5% (°C)   T10% (°C)   T50% (°C) 
PL0 325.9 338.8 355.7 PB0 369.2 378.6 400.3 
PL3 333.7 339.8 356.8 PB3 367.7 376.7 399.3 
PL6 334.4 339.4 354.1 PB6 368.9 377.8 399.4 
PL9 336.4 341.8 356.4 PB9 370.7 378.9 401.8 
PL12 336.3 342.5 357.6 PB12 372.0 381.5 402.8 
PL15 338.2 344.0 359.7 PB15 371.9 381.5 404.1 
 
Two major conclusions can be drawn from Table 4.3. Firstly, GNP incorporation 
significantly improves the thermal stability of PLA while for PBAT this enhancement is 
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considerably smaller. Secondly, effect of GNPs in delaying degradation of PLA becomes 
weaker when higher weight losses are considered but for PBAT it becomes stronger.  
Figure 4.10 depicts the effect of heating rate (10 and 20 °C/min) for pure PLA and PBAT 
as well as their nanocomposites with 15 wt% GNPs. TGA curves of other compsoitions are 
not included for clarity of the figure. It is seen that increasing the heating rate from 10 to 
20 °C/min does not affect the trend of TGA curves and only shifts them towards higher 
temperatures (about 11 - 14 °C). This shift is due to the fact that increasing the heating rate 
reduces the time that the sample stays at each temperature. As a result, the degradation of 
the sample is delayed at higher heating rates. Therefore, it is important to consider both 
temperature and time when studying the thermal degradation of polymeric materials. It is 
also worth noting in Figure 4.10 that the heating rate does not affect the ultimate ash 
content of the samples. 
 
Figure 4.10 TGA curves of PL0, PL15, PB0 and PB15 in N2 at heating rates of 10 and 20 °C/min. 
 
4.5.2 Isothermal	degradation	
As seen in the previous section, thermal degradation depends on both temperature and 
time. In this section, effect of GNP addition on thermal stability of PLA and PBAT over 
time is investigated. Pure PLA and PBAT as well as their nanocomposites with 15 wt% 
GNPs were exposed to the high temperature of 265 °C for 5 hours in air. Samples were 
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tested according to the following procedure: 2 min at 50 °C, heating up from 50 to 265 °C 
at a heating rate of 20 °C/min, 5 hours at 265 °C, heating up from 265 to 900 °C at 
20 °C/min. Figure 4.11 depicts the degradation of the samples over the  isothermal section 
of the tests as well as their overall temperature scans. Adding 15 wt% GNPs to PLA 
increases the time at which 1 % weight loss occurs from 36 to 53 minutes (Figure 4.11a). 
For PBAT, this time increases from 52 to 76 minutes. At the end of the isothermal section, 
pure PBAT exhibits a reduction of less than 4 % in its weight. Addition of 15 wt% GNPs, 
does not change the thermal stability of PBAT appreciably. On the other hand, PLA shows 
a very significant weight reduction of 32.4 % after 5 hours. This value decreases to only 
15 % for PL15, which is equal to 17.6 % based on the polymer content of PL15.  
 
Figure 4.11 (a) Isothermal TGA analysis at 265 °C for 5 hours in air (b) Temperature scans with a 
5-hour isothermal step at 265 °C in air and heating rate of 20 °C/min. 
 
The overall temperature scans of the samples (Figure 4.11b) demonstrate three stages after 
the isothermal degradation step (from 265 to 900 °C). In the first stage, a sharp weight 
reduction occurs in the samples, which is due to the thermal degradation of the polymeric 
matrix, similar to the observation made in Figure 4.9 for TGA curves under the nitrogen 
atmosphere. The second and third phases, which were not observed for TGA tests under 
nitrogen, can be attributed to the combustion of the polymer residues and combustion of 
GNPs under air atmosphere, respectively. By comparing the curves of PB0 and PB15 or 
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curves of PL0 and PL15 in Figure 4.11b, it can be seen that combustions of PBAT and 
PLA residues complete around temperatures of 600 °C and 500 °C, respectively. The 
remaining weight of PB15 and PL15 after combustion of the matrix residue is about 15 %, 
which is equal to the GNP loading in these samples. The final stage, observed for PB15 
and PL15, starts at a temperature of about 650 °C and can be ascribed to the combustion of 
GNPs. 
 
4.6 Young's	modulus	
Figure 4.12 shows the absolute and normalised (against unfilled polymers) values of 
Young's moduli of PLA/GNP and PBAT/GNP nanocomposites as a function of GNP 
loading. Pure PLA and PBAT have moduli of about 2980 ± 205 MPa and 96 ± 10 MPa 
respectively, which are in good agreement with previous studies that have used the same 
grades of polymers and the same overhead speed rate for the tensile test [52, 180]. It is 
evident from Figure 4.12 that the incorporation of GNPs in PLA and PBAT enhances their 
moduli significantly. This improvement is due to the very high intrinsic mechanical 
characteristics of GNPs as well as their high aspect ratio [29].  
   
Figure 4.12 Absolute and normalised Young's moduli of (a) PLA/GNP and (b) PBAT/GNP 
nanocomposites versus GNP loading. 
Two different trends are observed in variations of moduli of PLA and PBAT with GNP 
loading; Modulus of PBAT increases monotonocally as the GNP concentration increases, 
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reaching a value of 460 MPa in PB15, which is about 5 times higher than modulus of PB0. 
On the other hand, addition of GNPs up to 9 wt% continuousely enhances the modulus of 
PLA, obtaining a maximum of 6300 MPa in PL9. With further increase in GNP loading, a 
decreasing trend is observed in the moduli of PLA/GNP nanocomposites while they are 
still higher than modulus of unfilled PLA. This decrease in modulus for GNP loadings of 
above 9 wt% could be due to the weak interfacial bonding between the nanoplatelets and 
PLA [181]. Agglomeration of GNPs at such high concentrations could result in formation 
of weak points in the material, leading to lower modulus. Previous studies on PLA 
containg 0 - 9 wt% of expanded graphite [180] and 0 - 5 wt% GNPs [162] have also 
reported an increasing trend in PLA's modulus with increasing filler loading. However, in 
another research on PLA nanocomposites with 0 - 10 wt% GNPs [164], the highest 
Young's modulus was obtained at 3 wt%. The difference in the optimum GNP 
concentration in PLA in terms of maximum modulus between Ref. [164] and the present 
study maybe due to the different grades of PLA and processing methods employed in these 
two researches. 
 
4.7 Conclusions	
Dispersion of GNPs in PLA and PBAT was studied by scanning electron microscopy 
(SEM) and X-ray diffraction (XRD). A better GNP dispersion was detected for 
PBAT/GNP nanocomposites compared to PLA/GNP nanocomposites. MDSC 
measurements revealed that while the glass and melting temperatures of the matrices did 
not vary considerably with GNP incorporation, their crystallinity was significantly 
affected, which was in accordance with the X-ray diffractograms. Different trends were 
detected in the variations of Young's moduli of the two polymers with GNP loading; 
modulus of PBAT increased continuously with increasing GNP content to 15 wt% while 
modulus of PLA reached its maximum at 9 wt% GNPs. 
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Thermal stability of the nanocomposites was extensively studied via thermogravimetric 
analysis under both nitrogen and air atmospheres and at different heating rates. Results 
showed that GNP embedding enhanced thermal stability of the polymers effectively. In 
particular, PLA thermal degradation was significantly delayed due to the presence of the 
platelets. Addition of 15 wt% GNPs increased the temperatures at which 5 % weight loss 
occurred in PLA and PBAT by 12.3 and 2.7 °C, respectively. 5-hour isothermal TGA tests 
further demonstrated the significant effect of GNPs in lowering the degradation of PLA, 
which decreased from 32.4 % in PL0 to 17.6 % in PL15.  
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5Chapter	5	
Electromagnetic	Properties	and	EMI	Shielding	Performance	
 
 
5.1 Introduction	
This chapter, excluding Section 5.3.3, has been published in the journal of Materials & 
Design [3, 6]. Theory of materials' interactions with electromagnetic waves and their EMI 
shielding effectiveness has been provided in Section 2.6. In the present chapter, effect of 
GNP embedding on electrical conductivity and permittivity as well as magnetic 
permeability of PLA and PBAT is investigated. Applicability of Sihvola's mixing rule of 
complex electrical permittivity to these nanocomposites is also studied. Furthermore, EMI 
shielding effectiveness of the nanocomposites as well as contributions of reflection and 
absorption mechanisms to the radiation attenuation of the nanocomposites is extensively 
investigated as functions of GNP loading and sample thickness. These results are discussed 
in regard to the variations of electromagnetic properties of the nanocomposites versus GNP 
concentration.  
5.2 Dielectric	properties	
5.2.1 Complex	permittivity	versus	GNP	loading	
Permittivity and permeability of PLA and PBAT nanocomposites were determined from 
the measured S-parameters based on Nicolson–Ross–Weir (NRW) method [116]. GNP 
addition was found to have no effect on the magnetic permeability of PLA and PBAT. On 
the other hand, significant enhancement is observed in their electrical permittivity with 
increasing GNP loading. Permittivity is affected by polarization of bound charges inside 
the material [123, 182]. Permittivity of polymers is usually low but can be considerably 
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enhanced by addition of conductive fillers [183]. In filled polymers, polarization of matrix, 
polarization of conductive filler particles and polarization of matrix/filler interface 
(interfacial polarization) can all contribute to the final permittivity of the composite [123].  
Figure 5.1 illustrates the variations of the real (dielectric constant, ε') and imaginary 
(dielectric loss, ε'') parts of relative permittivity of PLA/GNP and PBAT/GNP 
nanocomposites. All permittivity values reported hereafter are relative permittivity. It can 
be seen that the permittivity of PLA and PBAT is very sensitive to GNP content. Both ε' 
and ε'' show an increasing trend with increasing GNP loading. This significant 
improvement in permittivity is a result of the increase in dipole moment and conductivity 
(Figure 5.5) of PLA and PBAT nanocomposites due to addition of conductive GNPs [184]. 
Dielectric constants of PLA and PBAT nanocomposites exhibit similar uprising trends 
versus GNP concentration and have comparable values. ε' of pure PLA is 2.8 which 
gradually increases to 43 as the GNP content is raised to 15 wt% and for PBAT it increases 
from 3.2 to 41 for the same increase in GNP loading. On the other hand, the increasing 
trend of dielectric loss of PLA/GNP nanocomposites with GNP loading is different from 
that of PBAT/GNP nanocomposites.  
As unfilled polymers, PBAT has a higher dielectric loss (0.2) than PLA (0.03). With 
increasing the GNP concentration to 6 wt%, ε'' values of both PLA and PBAT 
nanocomposites increase slightly to about 0.8. From 9 to 15 wt% GNP loading, however, 
PLA/GNP nanocomposites show significantly greater values of ε'' than those of 
PBAT/GNP nanocomposites, despite the lower ε'' of pure PLA compared to that of pure 
PBAT. ε'' of PL15 is 13.3 which is more than twice that of PB15. The considerable 
difference in ε'' of highly filled PLA and PBAT nanocomposites can be ascribed to the 
dispersion state of GNPs in the two matrices, which in turn is dependent on the affinity and 
interactions between the platelets and the polymers.  
    77 
 
In a previous study by Yang et al. [185] on epoxy/ZnO nanocomposites, effect of 
dispersion state of ZnO particles on the dielectric properties of the nanocomposites was 
investigated. Surprisingly, it was observed that ε' mainly had relation with ZnO loading 
while ε'' was affected by both ZnO content and its dispersion state. The greater the filler 
concentration, the higher were ε' and ε'' and the poorer the dispersion, the greater was ε''. 
Morphological studies on PLA/GNP and PBAT/GNP nanocomposites in the present work 
also revealed a better dispersion of GNPs in PBAT compared to that in PLA. Therefore, 
the lower values of ε'' of PBAT/GNP nanocomposites can be attributed to the better 
dispersion of GNPs in PBAT compared to that in PLA. Further discussion on morphology 
of the two systems is presented in Section 4.2. 
   
Figure 5.1 (a) Real and (b) imaginary parts of permittivity of PLA and PBAT nanocomposites vs. 
GNP loading at mid X-band frequency (10 GHz). Please note that permittivity values are relative to 
free space. 
 
The increase in permittivity of PLA and PBAT with addition of GNPs is considerably 
higher than what has been observed for some epoxy/GNP systems. In one study, 
permittivity values of 8 - j0.8 and 14 - j4.5 were obtained at 15 wt% and 30 wt% of GNPs, 
respectively [186], which are less than those of PL12, PL15 and PB15. In another research, 
ε' and ε'' of 10 and 0.8 respectively were reported for 5 vol% of GNPs [187], which are 
quite lower than those of PL9 and PB9 (5.3 vol% GNPs). Considering that various factors 
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affect the final permittivity of GNP-based nanocomposites in addition to the filler loading, 
the difference between reported values in the present study and the aforementioned papers 
[186, 187] could be attributed to the followings: the nature of the host matrix, the 
preparation method of GNPs and the technique used for embedding the platelets in the 
matrix, which in turn affect the dispersion state of GNPs in the nanocomposite.  
5.2.2 Sihvola's	unified	mixing	rule	of	permittivity	
The possibility of tailoring EM properties of composites to desired values has increased the 
interest in these materials, aiming to produce shielding materials with specific EM 
behaviours [113]. Nevertheless, predicting the properties of a composite from those of its 
constituents still remains a challenge since a variety of factors influence the final properties 
of the material such as geometry and aspect ratio of the inclusions (i.e. filler particles), 
interactions among the constituents and the degree of dispersion in addition to the intrinsic 
EM properties of the inclusions and the host medium (polymer matrix) [188]. 
Dielectric mixing rules are algebraic formulas which allow calculating the effective 
permittivity of a mixture of materials such as polymeric composites as a function of the 
fractional volumes of the constituents using their individual permittivity values. Three 
commonly used rules are Maxwell–Garnett, Bruggeman, and Coherent potential 
approximation, which are all empirical formulas. Sihvola has presented a unified mixing 
approach by introducing a dimensionless parameter, ν-number. This parameter allows for 
depolarization variations to be corrected for a two-phase system. Theoretically, there is no 
limit for the depolarization factor as ν-number is highly influenced by particle geometry 
and not the isotropic properties of a material [189]. When ν-number is set at 0, 2 and 3, the 
unified mixing formula gives Maxwell–Garnett, Bruggeman, and Coherent potential 
approximation, respectively. Below is Sihvola's unified mixing rule [190]:  
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where εeff , εe and εi are the complex permittivities of  the composite, matrix and filler, 
respectively. fv is the volume fraction of filler and ν is the dimensionless depolarization 
parameter. Permittivity values of pure PLA and PBAT were obtained from measured data. 
Volume fractions of GNPs in the nanocomposites were calculated using GNP weight 
fractions and densities of GNPs, PLA and PBAT. To apply Sihvola's rule to the 
nanocomposites, permittivity of GNPs and ν-number had to be optimised. Optimisation 
was done according to the method proposed by Baum et al. [189]. The empirical models 
fitted to PLA and PBAT nanocomposites at 10 GHz are depicted in Figure 5.2. Optimum 
values of ν-number and permittivity of GNPs are summarised in Table 5.1. The quality of 
fitted models was checked via calculation of root-mean-square (RMS) values for both ε' 
and ε'' of the nanocomposites. 
  
Figure 5.2 Sihvola's model for (a) PLA/GNP and (b) PBAT/GNP nanocomposites at 10 GHz. 
 
Table 5.1 Fitted parameters of Sihvola's rule and RMS values for PLA and PBAT nanocomposites. 
Fitted parameters RMS values 
ε'i ε''i ν ε' ε'' 
PLA/GNP 460 86 75 2.68 2.77 
PBAT/GNP 469 56 87 1.48 0.47 
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It is seen that the unified mixing rule is better fitted to PBAT/GNP system than PLA/GNP. 
Low RMS values for real and imaginary parts of permittivity of PBAT/GNP 
nanocomposites (1.48 and 0.47) show the good fitness of the model to this system. 
Complex permittivities of 460 - j86 and 469 - j56 are obtained for GNPs in PLA/GNP and 
PBAT/GNP nanocomposites, respectively. Real parts are very close while a bigger 
difference is observed for the imaginary parts. The depolarization parameter is also slightly 
different for the two systems. This difference could be a result of different polarising 
effects within the nanocomposites caused by the dispersion nature of the platelets in the 
matrices during mixing and compression moulding stages.  
5.2.3 Complex	permittivity	versus	frequency	
Figures 5.3 and 5.4 show the frequency spectra of ε' and ε'' of PLA and PBAT 
nanocomposites. Both ε' and ε'' increase with increasing GNP concentration from 0 to 15 
wt% and decrease with increasing frequency from 8.2 to 12.4 GHz. The effect of GNP 
loading on permittivity has been already discussed in the previous section. Figure 5.3 
shows that ε' of PLA and PBAT nanocomposites does not vary considerably with 
frequency. For GNP contents of up to 9 wt%, ε' remains almost constant over X-band 
while it exhibits a very moderate decreasing trend with frequency for 12 wt% and 15 wt% 
GNPs. The highest decrease belongs to PL15 (from 45.1 to 41.6). ε'' shows stronger 
frequency dependency compared to ε'. Here again, when GNP concentration is low, ε'' does 
not change with frequency appreciably but at higher GNP loadings, it decreases with 
increasing frequency. Similar to ε', the highest decrease in ε'' is observed for PL15 which 
demonstrates a decrease of 5.5. Previously reported data on variation of permittivity with 
frequency for other polymeric composites also show that when the concentration of 
conductive filler is low, frequency has little effect on both ε' and ε'' but as the filler loading 
increases, they demonstrate a stronger dependency on the frequency [106, 108, 123, 124, 
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184, 187, 191-193]. For epoxy/CNT composites in X-band, the decreasing trend started at 
15 wt% CNTs [192]. Frequency dependency of ε' and ε'' of polyurethane/CNT started at 
20 wt% and 10 wt% of CNTs, respectively [124]. 
   
Figure 5.3 Real part of permittivity of (a) PLA and (b) PBAT nanocomposites vs. frequency. 
 
   
Figure 5.4 Imaginary part of permittivity of (a) PLA and (b) PBAT nanocomposites vs. frequency. 
 
The decreasing trend of permittivity with increasing frequency can be attributed to the 
variation of polarization with frequency. As the frequency of the electromagnetic wave 
increases, the dipoles in the nanocomposites will not be able to follow the field variations. 
The polarization due to the charge accumulation will decrease, leading to a decrease in 
permittivity [184, 194].   
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5.2.4 AC	and	DC	electrical	conductivity	
Electrical conductivity of an EMI shielding material has determining effect on its 
performance. The variations of AC (ߪ஺஼) and DC (ߪ஽஼) conductivity of PLA and PBAT 
nanocomposites as a function of GNP loading are shown in Figure 5.5. As expected, GNP 
embedding enhances the conductivity of the two polymers markedly. It is worth noting that 
the rate of increase in both AC and DC conductivity with GNP loading is considerably 
different below and above 6 wt% for both PLA and PBAT nanocomposites.  
Pure PBAT and PLA are electrically insulating with very low ߪ஽஼ values of about 10-3 S/m 
and 10-15 S/m, respectively. Addition of GNPs from 0 to 6 wt% gradually increases the 
conductivity of both polymers. Considering that the volume percent of GNPs in PL6 and 
PB6 is only about 3.5 vol%, the physical contacts between the platelets throughout the 
matrices are still limited and therefore the conductivity is low. As the GNP loading 
increases from 6 to 9 wt%, a sudden jump is observed in conductivities of both systems 
especially that of PLA/GNP, which shows an increment of 10 decades and reaches 10-3 S/m 
in PL9. The significant change in conductivity versus GNP loading occurring between 6 
and 9 wt% can be attributed to the formation of conductive pathways of GNPs within the 
matrix.  
Variations of AC conductivity (Figure 5.5b) of PLA and PBAT nanocomposites with GNP 
loading are similar to those of their DC conductivity. Pure PLA (0.02 S/m) and PBAT 
(0.11 S/m) have low ߪ஺஼ values, which gradually enhance with GNP addition up to 6 wt%. 
Similar to DC conductivity, the increase in conductivity of the nanocomposites is much 
higher above 6 wt% GNP loading. At 15 wt% GNPs, PLA and PBAT have ߪ஺஼ values of 
7.4 S/m and 3 S/m, respectively. 
AC conductivity in polymeric systems arises from two sources. One is that the filler 
particles in the composite connect with each other to form conductive routes, and the 
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obtained current is called leakage current; the other is that the particles are not in contact, 
but their distances are so small that the electrons can be transmitted through electron 
tunnels formed among nearby particles (tunnelling current) [195]. As the GNP 
concentration increases in PLA and PBAT, both leakage and tunnelling currents increase 
due to more physical contacts and smaller distance between the platelets, respectively. 
Consequently, AC conductivity of PLA and PBAT nanocomposites are observed to be 
higher than their DC conductivity. 
To conclude, two main observations are made from Figure 5.5. First, as the GNP loading is 
increased from 6 wt% to 9 wt%, physical contacts between the platelets increase 
significantly and conductive pathways of GNPs start to form within the matrix. Second, 
PBAT nanocomposites with GNP contents of up to 6 wt% have higher conductivities 
compared to PLA nanocomposites, which can be explained based on the higher 
conductivity of pure PBAT. But, conductivity of PLA nanocomposites with GNP loadings 
of 9 - 15 wt% is markedly higher than that of their counterpart PBAT nanocomposites.  
This significant difference in conductivity (both DC and AC) of PLA/GNP and 
PBAT/GNP nanocomposites with GNP contents of higher than 6 wt% can be attributed to 
the different degrees of GNP dispersion in the two matrices. More physical contacts 
between the nanoplatelets in PLA/GNP nanocomposites, as illustrated in Figure 4.5, result 
in formation of more conductive pathways throughout the nanocomposite, leading to 
higher electrical conductivity.  
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Figure 5.5 (a) DC and (b) AC conductivity (at 10 GHz) of PLA/GNP and PBAT/GNP 
nanocomposites. 
 
It is commonly presumed that a good dispersion of nanofiller particles within the polymer 
is necessary for the enhancement of the physical properties. However, as seen in the 
present research and in some previous studies [95-99], filler agglomeration could favour 
the electrical properties via formation of conductive networks as a result of more physical 
contacts between the particles. In a study by Li et al. [95] on epoxy/GNP nanocomposites, 
samples with poor GNP dispersion showed electrical resistivity of two orders lower than 
that of nanocomposites with well-dispersed exfoliated GNPs. Kim et al. [96] prepared 
nanocomposites by dispersing graphene in pristine and modified polyethylene (PE). While 
the graphene dispersed better in modified PE, nanocomposites with unmodified PE 
demonstrated higher electrical conductivity. The authors ascribed this seemingly 
paradoxical observation to the formation of a co-continuous morphology of graphene-rich 
(high physical contact between the platelets) and graphene-poor phases in the unmodified 
PE/graphene nanocomposites. 
Similar observations have been made for CNT-based systems. Pan et al. [97] noted that 
while enhanced interfacial adhesion between CNTs and polypropylene could improve the 
dispersion of the nanotubes, it could reduce the electrical conductivity of the composites 
via decreasing the physical contacts between the nanotubes and preventing them from 
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forming conductive pathways. Aguilar et al. [98] also investigated the influence of CNT 
clustering on the electrical conductivity of polysulfone. They observed that composites 
with agglomerated CNTs had lower percolation threshold compared to composites with 
uniformly dispersed nanotubes. Furthermore, conductivity of samples with agglomerated 
nanotubes was higher than that of samples with well-dispersed CNTs, with marked 
differences of 2 to 4 orders of magnitude for CNT loadings in the upper vicinity of the 
percolation threshold. The authors attributed the increased conductivity of the 
agglomerated state to the increased nanotube-to-nanotube contacts.  
It is, however, important to note that the better electrical properties of nanocomposites with 
relatively poor dispersion of nanofiller particles might come at the expense of weak 
mechanical properties [95, 96] because a good dispersion of particles in the matrix can 
promote the interfacial load transfer, which results in improved mechanical properties. 
Therefore, homogeneous filler dispersion in the matrix is important for mechanical 
properties while a good cluster distribution seems to be more significant for electrical 
properties [99]. 
Figure 5.6 shows the frequency dependency of AC conductivity of PLA and PBAT 
nanocomposites. Similar to permittivity, frequency dependency appears only in 
conductivity of nanocomposites with GNP contents of higher than 6 wt% for which σAC 
increases with increasing frequency. Saib et al. [196] explained this behaviour by a parallel 
resistors and capacitors model. They assumed each filler particle to be equivalent to a 
resistor which is coupled to its neighbouring particles by a capacitor (polymer). In the 
absence of physical contact between the filler particles (DC conductivity), increasing the 
frequency to high values can create virtual connections between the particles and 
consequently increase the conductivity [108]. While conductive pathways start to build up 
as the GNP loading is raised above 6 wt% in PLA and PBAT, there still are many platelets 
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which remain separated within the matrices and are not part of the interconnected network 
of GNPs. Increasing the frequency enhances the contribution of these particles to 
conductivity of the nanocomposites by increasing the tunnelling current. 
   
Figure 5.6 AC conductivity of (a) PLA/GNP and (b) PBAT/GNP nanocomposites vs. frequency. 
 
5.3 EMI	shielding	effectiveness	
5.3.1 Comparison	of	PLA/GNP	and	PBAT/GNP	over	X‐band	
EMI shielding effectiveness (SE) is a measure of material's ability to attenuate 
electromagnetic radiation [123]. Total SE is defined as the ratio of the incident (I) to the 
transmitted powers (T), SET = 10 log (I/T), with the unit of decibel (refer to Section 2.6). 
SET of PLA and PBAT nanocomposites with a thickness of 1 mm is presented in 
Figure 5.7. With SET of less than 0.5 dB, pure PLA and PBAT are transparent to the 
radiation.  Addition of GNPs increases SET of both polymers. For up to 12 wt% GNPs, 
PBAT nanocomposites show slightly higher SET than PLA nanocomposites. At 15 wt% 
GNPs, SET reaches maxima of 15 and 14 dB in PLA and PBAT, respectively. These values 
are comparable or higher than data reported in some previous studies.  Maximum SET of 9 
and 12 dB were observed for unaligned and aligned few-layer graphene /wax composites 
with filler loading of 15 wt% and sample thickness of 2.5 mm in X-band [128]. SET of 
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epoxy resin nanocomposites with 10 wt% of exfoliated graphite nanosheets was also found 
to be about 16-17 dB for 1 mm-thick samples in the same frequency range [197]. 
Here again, frequency dependency is only observed for SET of highly filled PLA and 
PBAT, which shows a decreasing trend with increasing frequency. Similar behaviour has 
been observed for other filled polymers [123, 191, 192, 198]. SET of polyurethane/CNT 
with up to 5 wt% CNTs stayed unchanged over X-band while at higher loadings, it 
decreased with increasing frequency [124]. In another study, SET of styrene acrylic/CNT 
composites remained constant over X-band for filler contents of up to 10 wt% but it 
decreased with increasing frequency for 15 and 20 wt% CNTs [191]. 
   
Figure 5.7 SET of (a) PLA/GNP and (b) PBAT/GNP nanocomposites (1mm-thick) over X-band. 
 
To determine the contributions of the reflection and absorption mechanisms to the overall 
EMI shielding performance of the nanocomposites, reflection shielding effectiveness (SER) 
and absorption shielding effectiveness (SEA) of the nanocomposites were calculated (refer 
to Section 2.6) and are presented in Figure 5.8. By comparing Figures 5.8 a and c, it can be 
seen that for any GNP loading, SER is significantly higher than SEA for PLA/GNP 
nanocomposites over the entire X-band frequency range. Similar observation is made for 
PBAT/GNP nanocomposites from Figures 5.8 b and d. For 0 - 6 wt% GNPs, SER of 
PLA/GNP and PBAT/GNP nanocomposites increases rapidly with increasing GNP loading 
while their SEA increases slowly. On the other hand, for 9-15 wt% GNPs, increasing trend 
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of SER versus GNP loading slows down while SEA demonstrates a faster increasing rate. It 
is also worth noting that at any GNP concentration, PLA/GNP nanocomposites have lower 
SER than PBAT/GNP nanocomposites. However, for 9 - 15 wt% GNPs, SEA values of 
PLA/GNP nanocomposites exceed those of PBAT/GNP nanocomposites markedly. 
 
 
Figure 5.8 SER and SEA of (a,c) PLA/GNP and (b,d) PBAT/GNP nanocomposites (1mm-thick) 
over X-band. 
 
Power balance (I = R+A+T) for PLA/GNP and PBAT/GNP nanocomposites (1 mm-thick 
samples) versus GNP loading is depicted in Figure 5.9. GNP incorporation has significant 
effect on the reflected powers of the polymers, which increase from 0.05 and 0.06 in pure 
PLA and PBAT respectively to 0.85 and 0.9 in PL15 and PB15, respectively. This is 
because as the permittivity of the nanocomposites increases, the electromagnetic wave 
experiences higher impedance mismatch at the interface and consequently reflected power 
increases. Similarly, absorbed power is affected by GNP embedding. It is worth 
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mentioning that apart from the wave frequency and EM properties of the shielding 
material, sample thickness is also a determining factor in the amount of absorbed power. 
Power balance at other frequencies within X-band showed similar trends as in Figure 5.9. 
Therefore, it can be concluded that reflection is the primary EMI shielding mechanism of 
PLA/GNP and PBAT/GNP nanocomposites over the frequency range of 8.2-12.4 GHz. 
Reflection has been also reported as the dominant shielding mechanism for various 
polymer/conductive filler systems including wax/graphene [128], poly (ethylene-vinyl 
acetate)/graphene [129], epoxy/CNT [199], polystyrene/CNT [200] and polyurethane/CNT 
[124].  
   
Figure 5.9 Reflection, transmission and absorption of (a) PLA/GNP and (b) PBAT/GNP 
nanocomposites (1mm-thick) at 10 GHz. 
 
5.3.2 Effective	absorbance	
In addition to the small thickness of the samples for which power balance is reported in 
Figure 5.9, the low values of absorbed power (A) of highly filled PLA and PBAT 
nanocomposites are also due to the very low power entering the samples as a result of good 
reflection at their interface [112]. To evaluate the absorption potential of these 
nanocomposites, their effective absorbance (Aeff) is plotted versus GNP loading in 
Figure 5.10. Aeff  is defined as the power absorbed within the material as a percentage of 
the power entering it (Aୣ୤୤% ൌ A/ሺ1 െ Rሻ ൈ 100) [184]. It is observed that embedding 
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15 wt% GNPs in PLA and PBAT enhances their ability to absorb EM radiation up to 68 
and 43 % respectively for 1 mm-thick samples. It is interesting to note that in terms of 
effective absorbance, PL12 performs better than PB15 as does PL9 compared to PB12. 
Such behaviour is explicable based on their dielectric loss values (Figure 5.1). 
 
Figure 5.10 Effective absorbance of PLA and PBAT nanocomposites at 10 GHz. 
 
5.3.3 Effect	of	thickness	on	EMI	SE	of	PLA/GNP	and	PBAT/GNP	nanocomposites		
Figure 5.11 depicts SET of PLA/GNP and PBAT/GNP nanocomposites for samples with 
different thicknesses (1, 1.5 and 2.8 mm). It is interesting to observe that increasing the 
thickness of sample does not always result in higher SET. It can be seen that SET of thicker 
samples have stronger frequency dependency and this dependency intensifies at higher 
GNP loadings. Considering PLA/GNP nanocomposites in Figure 5.11 (a,c,e) for example, 
different trends are observed in variations of SET with increasing thickness depending on 
the GNP content of the nanocomposite; for pure PLA and PL3, SET increases with 
increasing sample thickness. For PL6 and PL9, SET increases as the thickness is increased 
from 1 mm to 1.5 mm but 2.8 mm-thick samples show lower values of SET especially at 
high frequencies. The variations of SET for PL12 and PL15 with thickness are more 
significant. SET of PL15 varies by 3 dB over X-band for 1 mm-thick sample with a 
minimum SET of 12 dB while for 2.8 mm-thick PL15 sample, SET variation is about 10 dB 
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with a minimum SET of 8 dB. This indicates that thinner samples of PL15 can attenuate the 
radiation better than thicker samples at lower limit of X-band frequency range. For 
PBAT/GNP nanocomposites in Figure 5.11 (b,d,f) it is also observed that the variations of 
SET with thickness depend on the GNP loading of the nanocomposites. 
The maximum values of SET reached in PLA/GNP and PBAT/GNP nanocomposites with 
the thicknesses investigated in the present work, belong to PL15 (18 dB) and PB15 (16 dB) 
in 2.8 mm-thick samples, which are below 20 dB (an acceptable performance in many 
industrial applications). The reason behind this could be that the enhancement of dielectric 
properties and therefore EMI shielding effectiveness is dependent on the vol% of the 
conductive filler in the nanocomposite since the distance between the particles is 
important. The maximum vol% of GNPs in this study is only 9.1 %. PLA/GNP and 
PBAT/GNP nanocomposites in the present work were also prepared by melt-mixing. 
Although desired by industry due to its simplicity and time-efficiency, melt-mixing is 
usually not a very efficient technique for preparation of nanocomposites as it does not 
provide a strong control over the orientation of the particles and therefore may result in 
random dispersion of the filler particles especially when using an internal mixer.  
Al-Ghamdi et al. [197] reported a SET value of 25 dB for a 1 mm-thick sample of 20 wt% 
of foliated graphite nanosheets in epoxy resin at 10 GHz. Wen et al. [133] reported a SET 
of 31 dB for a 1.5 mm-thick sample of 16 wt% reduced graphene oxide (r-GO) in r-O/SiO2 
composites at frequency of 10.5 GHz at temperature of 323 K. It should be noted that the 
study in Ref. [133] showed an increasing trend in SET of samples with 12, 16 and 20 wt% 
r-GO with increasing temperature from 323 to 473 K. It is important to note that a proper 
comparison between the SET values obtained in the present study and previous works on 
graphene-based nanocomposites is very difficult. Method of measuring EMI shielding 
effectiveness, frequency of radiation, and sample thickness affect SET values in addition to 
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the GNP loading, nature of the polymeric matrix, and the preparation method of the 
nanocomposites. Furthermore, many studies have reported calculated SET values for metal-
backed samples such as in Ref. [134], which is different from the type of SET measurement 
reported in the present study, and therefore cannot be used for direct comparison. 
    
    
    
Figure 5.11 SET of PLA/GNP and PBAT/GNP nanocomposites vs. frequency as a function of 
sample thickness.   
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The effect of sample thickness on SET of PLA/GNP and PBAT/GNP nanocomposites, 
which depends on GNP loading, is better envisaged in Figure 5.12. Pure PLA and PBAT 
demonstrate increasing SET with increasing thickness from 1 to 2.8 mm. PL3 and PB3 also 
exhibit similar behaviours. For PL6 and PB6 it is observed that samples with thickness of 
1.5 mm perform better than their corresponding 1 mm-thick samples but as the thickness is 
increased to 2.8 mm, SET of PL6 and PB6 exhibit a significant decreasing trend with 
frequency so that in the upper half of X-band range, SET of 2.8 mm-thick samples is lower 
than that of 1.5 mm-thick samples.  
For nanocomposites with 9 and 12 wt% GNPs, SET of 2.8 mm-thick samples are 
significantly lower than SET of their thinner counterparts. Figure 5.12 (g,i,k) shows that 
SET of 2.8 mm-thick samples of PL9 - PL15 go through a minimum as the frequency 
increases. With increasing GNPs from 9 to 15 wt% in the nanocomposites, this minimum 
shifts to lower frequencies. While SET of 2.8 mm-thick PL15 is lower than SET of thinner 
PL15 samples over 8.2-10.4 GHz, it overtakes SET of thin samples at frequencies above 
10.4 GHz. Similar observations can be made for PB9 and PB12. For PB15, it can be seen 
that the minimum in SET of 2.8 mm-thick sample has occurred at a frequency below 
8.2 GHz and after having an increasing trend versus frequency and reaching a maximum 
around 11.2 GHz, SET begins to decrease again.  
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Figure 5.12 SET of PLA/GNP and PBAT/GNP nanocomposites vs. frequency as a function of 
thickness. 
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Investigating the variations of the reflected and transmitted powers of the nanocomposites 
versus sample thickness can provide a better understanding of EMI shielding behaviour of 
the nanocomposites. Figure 5.13 illustrates the reflected powers for PLA/GNP and 
PBAT/GNP nanocomposites with different thicknesses, and Figure 5.14 shows their 
transmitted powers. Considering the reflected powers of PLA/GNP nanocomposites in 
Figure 5.13 (a,c,e), it is observed that the variation of R values of a nanocomposite versus 
thickness is dependent on the GNP loading, similar to what was seen in Figure 5.11 for 
SET. For PL0 and PL3, R increases from about 0.05 and 0.27 respectively in 1 mm-thick 
samples to 0.25 and 0.6 respectively in 2.8 mm-thick samples. For PL6 and PL9, R 
increases as the thickness increases from 1 mm to 1.5 mm. R of 2.8 mm-thick PL6 shows a 
decreasing trend from 0.8 to 0.6 as frequency increases from 8.2 to 12.4 GHz while R 
values of PL6 samples with 1 and 1.5 mm thicknesses demonstrate frequency 
independency. Such decreasing trend starts at 1.5 mm for higher GNP loading, in 
particular, 1.5 mm-thick PL15 shows a significant decrease from 0.86 to 0.57 over 8.2 -
 2.4 GHz frequency range. R values for 2.8 mm-thick samples of PL9-PL15 have 
significant variations with frequency (Figure 5.13e) and exhibit curves with minimums. As 
GNP loading increases from 9 to 15 wt%, the dip in R becomes shallower and it occurs at 
lower frequencies.  
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Figure 5.13 Reflected power for PLA/GNP and PBAT/GNP nanocomposites vs. frequency as a 
function of sample thickness. 
 
Figure 5.14 shows that the transmitted powers of the nanocomposites exhibit trends 
opposite to those of the reflected powers in Figure 5.13. For example, the trends observed 
in T of the PLA/GNP nanocomposites in Figure 5.14e are opposite to the trends seen for R 
in Figure 5.13e; the peaks in T obtain smaller values as the GNP loading increases from 9 
0.0
0.2
0.4
0.6
0.8
1.0
8 9 10 11 12 13
R
Frequency (GHz)
(a) PLA/GNP- 1 mm
PL0
PL3
PL6
PL9
PL12
PL15
0.0
0.2
0.4
0.6
0.8
1.0
8 9 10 11 12 13
R
Frequency (GHz)
(b) PBAT/GNP- 1mm
PB0
PB3
PB6
PB9
PB12
PB15
0.0
0.2
0.4
0.6
0.8
1.0
8 9 10 11 12 13
R
Frequency (GHz)
(c) PLA/GNP - 1.5 mm
PL0
PL3
PL6
PL9
PL12
PL15
0.0
0.2
0.4
0.6
0.8
1.0
8 9 10 11 12 13
R
Frequency (GHz)
(d) PBAT/GNP - 1.5 mm
PB0
PB3
PB6
PB9
PB12
PB15
0.0
0.2
0.4
0.6
0.8
1.0
8 9 10 11 12 13
R
Frequency (GHz)
(e) PLA/GNP - 2.8 mm
PL0
PL3
PL6
PL9
PL12
PL15
0.0
0.2
0.4
0.6
0.8
1.0
8 9 10 11 12 13
R
Frequency (GHz)
(f) PBAT/GNP - 2.8 mm
PB0
PB3
PB6
PB9
PB12
PB15
    97 
 
to 15 wt%. The peaks and dips in R and T, can be attributed to the multiple reflection 
phenomenon, which is further elaborated hereafter.  
      
      
      
Figure 5.14 Transmitted power for PLA/GNP and PBAT/GNP nanocomposites vs. frequency as a 
function of sample thickness. 
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and some will be transmitted [201] as it is shown in Figure 5.15a for the case of normal 
incident of electromagnetic wave on a plane dielectric boundary where medium 2 is 
infinite.  
  
 
Figure 5.15 (a) Plane wave incident normally on a plane dielectric boundary infinite medium 2, (b) 
schematic illustration of wave reflection and transmission pathways when incident on a finite 
dielectric medium 2. 
 
For the case shown in Figure 5.15a reflection (߁) and transmission (ߒ) coefficients can be 
obtained from Eqs. 5.2 and 5-3, respectively. In these equations, ߟ௜ is the wave impedance 
in medium ݅, obtained from Eq. 2-15 [201]. 
߁ ൌ ߟଶ െ ߟଵߟଶ ൅ ߟଵ 
Eq. 5-2 
ߒ ൌ 2ߟଶߟଶ െ ߟଵ 
Eq. 5-3 
   
For finite samples (Figure 5.15b), the transmitted power is dependent on the thickness of 
the material as well. This is not only because of the lossy behaviour of the material, which 
dissipates a fraction of the electromagnetic power as heat, but also because of multiple 
reflections that can occur within the material at each interface. The multiple reflections can 
have constructive or destructive interferences. If medium 1 is air, the reflection and 
transmission coefficients can be obtained from the following equations [202]: 
߁௧௢௧ ൌ |ݏଵଵ| ൌ ቤሺ1 െ ݖ
ଶሻ߁
1 െ ߁ଶݖଶ ቤ 
Eq. 5-4 
    99 
 
௧ܶ௢௧ ൌ |ݏଶଵ| ൌ ቤሺ1 െ ߁
ଶሻݖ
1 െ ߁ଶݖଶ ቤ 
Eq. 5-5 
߁ ൌ ߟଶ െ ߟଵߟଶ ൅ ߟଵ ൌ
ඥߤ௥/߳௥ െ 1
ඥߤ௥/߳௥ ൅ 1
 Eq. 5-6 
ݖ ൌ exp൫െ݆ሺ߱ ܿ⁄ ሻඥߤ௥߳௥݀൯ Eq. 5-7 
       
where ω is the wave's angular frequency, c is the wave's speed in free space, µr and εr are 
the magnetic permeability and electrical permittivity of the material respectively, relative 
to those of free space, and d is the sample thickness. 
To better understand the effect of thickness on reflection and transmission powers, Eqs. 
5 - 4 to 5 - 7 were used to calculate the S-parameters for PLA/GNP and PBAT/GNP 
nanocomposites at a fixed frequency of 10 GHz over the thickness range of 0 - 20 mm. 
Subsequently R and T values were calculated and are illustrated in Figure 5.16. It is 
important to mention here that the calculated |sଵଵ| and |sଶଵ| represent the reflection and 
transmission measured by coaxial lines. Therefore, they are slightly different from the 
S-parameters measured by waveguide setup. 
R and T of all the samples exhibit general decreasing and increasing trends respectively 
with periodic extremums (maximums and minimums) as the thickness increases from 0 to 
20 mm in Figure 5.16. Considering PLA/GNP nanocomposites, the following observations 
are made: First, at a fixed GNP concentration, i.e. 9 wt% (PL9), while R and T show 
general decreasing and increasing behaviours versus thickness respectively, their 
fluctuations become smaller as the thickness increases. For nanocomposites with higher 
GNP concentrations (PL12 and PL15), the fluctuations are dampened faster. It can be seen 
that R values of PL12 and PL15 do not vary appreciably with thickness for thicknesses 
above 16 and 10 mm, respectively. Second, as GNP content increases in the 
nanocomposite, the wave-like behaviours of R and T become more and more compressed. 
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Figure 5.16 Calculated reflection and transmission powers for PLA/GNP and PBAT/GNP 
nanocomposites at fixed frequency (10 GHz) versus thickness. 
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Figure 5.17 Calculated reflection and transmission powers for PLA/GNP and PBAT/GNP 
nanocomposites at fixed frequency (10 GHz) vs. thickness, with assumption of zero dielectric loss. 
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(a) PL0RT
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(b) PB0
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(c) PL3
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(d) PB3
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(e) PL6
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(f) PB6
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(g) PL9
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(h) PB9
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(i) PL12
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(j) PB12
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(k) PL15
0
0.2
0.4
0.6
0.8
1
0 4 8 12 16 20
R
, T
Thickness (mm)
(l) PB15
    102 
 
Figure 5.17 depicts the calculated reflected and transmitted powers for materials with the 
same dielectric constants as those of PLA/GNP and PBAT/GNP nanocomposites but 
dielectric loss of zero. Since dielectric loss is responsible for the absorption of power, 
comparison between Figure 5.16 and Figure 5.17 provides an understanding of the power 
absorption of PLA/GNP and PBAT/GNP nanocomposites. Figure 5.17 shows that while 
the wave-like behaviours of R and T compress with increasing GNP concentration, no 
general decreasing or increasing trends are observed for R or T. Furthermore, in contrast to 
Figure 5.16, the fluctuations of R and T are not dampened in Figure 5.17. These 
differences between the two figures are due to the attenuating capability of the 
nanocomposites, as a result of non-zero dielectric loss, in Figure 5.16.  
It is interesting to note that PL15 and PB15 in Figure 5.17 (k and l) show similar R and T 
behaviours. However, Figure 5.16 (k and l) demonstrates different behaviours for R and T 
of PL15 and PB15; while the R for PB15 oscillates even up to thickness of 20 mm, for 
PL15 R becomes almost a flat line for thicknesses higher than 10 mm. It was earlier 
observed in Figure 5.1 that PL15 and PB15 have comparable ε' values but significantly 
different ε'' values. Therefore, in Figure 5.17 (k and l) where dielectric loss of the samples 
is set to zero and only their dielectric constants are used in the calculations, PL15 and 
PB15 exhibit similar behaviours. On the other hand, PL15 and PB15 demonstrate different 
behaviours in Figure 5.16 (k and l), in which ε'' values of the samples are considered as 
well as their ε' values.  
As mentioned earlier the multiple reflections can have destructive or constructive effects 
on the reflected and transmitted powers, depending on the thickness of the sample in 
relation to the wavelength of the electromagnetic wave in the material. If the thickness of 
the material is an even multiple of quarter wavelength of the wave inside the material, 
reflected power is minimised and transmitted power is maximised. On the other hand, if 
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thickness is an odd multiple of quarter wavelength of the wave in the material, reflection 
becomes maximum and transmission becomes minimum [201]. This can be easily seen in 
Figure 5.17. This is also analytically shown in Ref. [182] (pages 222-224). It is worth 
mentioning here that the wave's wavelength inside the material (ߣ௠) depends on the 
material's permittivity and permeability as shown in Eq. 5-8; the higher the permittivity 
and/or permeability, the smaller the wavelength inside the material. This is why in 
Figure 5.17 it is seen that samples with higher permittivity showed more extrema (maxima 
and minima) in their R and T curves over the thickness range.  
It is also important to notice that when a material is placed in a waveguide setup, the 
wave's wavelength inside the material (ߣ௠ି௪௚) would be different from the wave's 
wavelength in the material in a coaxial line (ߣ௠). Formulas regarding the wavelength in 
waveguides are presented in Eqs. 5 - 9 and 5 - 10 [203]: 
λ୫ ൌ λ଴√μ୰ϵ୰ Eq. 5-8 
λ୵୥ ൌ λ଴
ඨ1 െ ൬ߣ଴ߣ௖൰
ଶ
 
Eq.  5-9 
 
λ୫ି୵୥ ൌ
λ୵୥
√μ୰ϵ୰  Eq.  5-10  
 
where λ଴ is the wave's wavelength in free space, λ୵୥ is the wave's wavelength in the 
waveguide, and λୡ is the wave's wavelength at the waveguide's cutoff frequency. 
 
5.4 Conclusions	
While magnetic permeability of the polymers were not affected by GNP incorporation, 
which is due to the non-magnetic nature of GNPs, electrical properties of the two polymers 
were significantly enhanced with GNP addition. Dielectric constants of PLA and PBAT 
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nanocomposites increased with increasing GNPs, obtaining comparable values at the same 
GNP contents. On the other hand, dielectric loss of PLA nanocomposites with 9 - 15 wt% 
GNPs was markedly higher than that of PBAT nanocomposites. Sihvola's unified mixing 
rule of complex permittivity was used to model the behaviour of dielectric constants and 
losses of GNP-based nanocomposites for the first time. Both PLA/GNP and PBAT/GNP 
systems returned close values for the model's fitting parameters. However, the model better 
fitted PBAT/GNP system. 
As the GNP concentration increased from 6 to 9 wt% (3.5 to 5.3 vol%), an abrupt increase 
was detected in the conductivity of both polymers, indicating formation of conductive 
networks within the matrices. At 15 wt% GNPs, AC conductivities of 7.4 and 3 S/m were 
obtained for PLA and PBAT nanocomposites respectively despite the higher conductivity 
of pure PBAT compared to that of pure PLA. This difference was attributed to the better 
dispersion of GNPs in PBAT observed in SEM images. Relatively poor dispersion of 
GNPs in PLA appeared to facilitate their physical contacts, leading to higher conductivity. 
Enhancement of electrical conductivity and permittivity of PLA and PBAT with GNP 
embedding resulted in higher EMI shielding effectiveness. For samples with a thickness of 
1 mm the following observations were made. SET of PLA and PBAT increased with 
increasing GNP concentration.  Frequency spectra of SET of the nanocomposites exhibited 
a decreasing trend with increasing frequency for high GNP loadings while at low 
concentrations, frequency independency was observed. PLA and PBAT nanocomposites 
showed comparable values of SET with reflection being the primary shielding mechanism. 
However, they exhibited considerably different potentials for radiation absorption due to 
their different dielectric loss values. At 15 wt% GNPs, effective absorbances of 68% and 
43% were obtained for 1 mm-thick samples of PLA and PBAT nanocomposites, 
respectively. 
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Evaluation of shielding performance of the nanocomposites with other thicknesses (1.5 and 
2.8 mm) demonstrated that their performance in attenuating the radiation was a function a 
thickness and the radiation frequency in addition to the GNP concentration. It was 
observed that a greater thickness might not necessarily lead to higher SET and therefore, in 
designing a nanocomposite for EMI shielding application, material's electromagnetic 
properties and thickness should be chosen based on the frequency of the radiation. 
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6Chapter	6	
Rheological	Investigations 
 
 
6.1 Introduction	
This chapter, which has been partially published in the journal of Polymer [143], reports 
the  rheological behaviours of PLA/GNP and PBAT/GNP nanocomposites. The 
measurements were conducted by applying oscillatory as well as steady state shear 
rheometry. Variations of the viscoelastic properties of PLA/GNP and PBAT/GNP 
nanocomposites with GNP concentration and temperature of the measurements are 
investigated and discussed in this chapter.  
6.2 Dynamic	shear	measurements	
6.2.1 Effect	of	GNP	loading	on	PBAT/GNP	nanocomposites	rheology	
Figure 6.1 shows the storage modulus (G'), loss modulus (G''), complex viscosity (η*), and 
loss tangent (tan δ = G''/G') of PBAT/GNP nanocomposites versus frequency at 180 °C. By 
comparing the viscoelastic responses of PBAT/GNP nanocomposites with those of unfilled 
PBAT, it is evident that GNP addition significantly affects the rheology of the matrix.  
With increasing GNP concentration, both storage and loss moduli of PBAT/GNP 
nanocomposites are enhanced over the entire frequency range. At high frequencies 
( > 10 rad/s), G' and G'' increase monotonically with increasing GNPs. On the other hand, 
at lower frequencies, while adding GNPs up to 9 wt% gradually improves the dynamic 
moduli of the matrix, above this concentration the increase in the moduli, particularly G', is 
very sharp. The diminishing frequency dependency of G' and the appearance of a plateau 
in the low frequency region for GNP loadings of above 9 wt% is indicative of formation of 
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a percolating network within the matrix due to the presence of nanoplatelets, which causes 
the pseudo-solid-like behaviour (G' and G'' ∝ ω0) at low frequencies [29, 135, 204]. Here, 
the term “pseudo-solid-like” is preferred to the term “solid-like”, which would have been 
used if G' and G'' were frequency independent and G' was exceeding G'' [205]. 
Similar to the moduli, the complex viscosity gradually increases with increasing GNP 
loading up to 9 wt% while still following the same frequency dependency as that of pure 
PBAT. On the other hand, above 9 wt%, the flow behaviour of the nanocomposites is 
altered markedly. Nanocomposites with 12 and 15 wt% GNPs not only show much higher 
viscosities but also their flow curves have steeper slopes at low frequencies. These 
observations are in accordance with previously reported data on polymer/ nanofiller 
systems [29, 135, 150, 158, 163, 206, 207]. The significant enhancement in the complex 
viscosity of PBAT/GNP nanocomposites with high GNP content can be ascribed to the 
increased interactions between PBAT and the platelets (due to the increase in the amount 
of the platelets), which decrease the mobility of PBAT chains. Furthermore, the stronger 
interactions among the platelets themselves as their mean distance is reduced and the 
formation of network structures of GNPs within the matrix at high GNP concentrations, as 
detected in SEM images, result in viscosity increment of the system. 
Loss tangent demonstrates how the elastic and viscous properties of PBAT are changing 
relative to each other with addition of GNPs. It is seen in Figure 6.1d that all the samples 
have comparable tan δ values at high frequencies but at low frequencies, energy 
dampening of the nanocomposites decreases with increasing GNP loading. This indicates 
that embedding GNPs enhances the elastic response of PBAT more than its viscous 
response. It is also worth noting the difference between the frequency dependency of tan δ 
of PB0-PB6 and that of PB9-PB15. Tan δ values of PB0-PB6 increase continuously with 
decreasing frequency while tan δ values of PB9-PB15 initially increase to reach a 
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maximum and then decrease. The two different behaviours of the nanocomposites' tan δ 
can be explained in terms of the frequency dependency of the dynamic moduli. 
       
       
Figure 6.1 (a) G', (b) G'', (c) η* and (d) tan δ PBAT/GNP nanocomposites vs. frequency at 180 °C. 
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the frequency where the slopes of G' and G'' are roughly equal. This is shown for PB9 and 
PB12 in Figure 6.2 (solid red data points) where the slopes of G' and G'' are calculated at 
the frequency of maximum tan δ. Similar features have been observed for carbon black-
filled elastomers [205].  
Therefore, the peak in tan δ is related to the molecular motions in polymers and marks a 
certain limit in the mobility of polymer chains in the nanocomposite. When the tan δ peak 
appears at high frequencies it means that the blocking effect of the particles is more 
significant and the mobility of polymer chains is more restricted [208]. It is observed in 
Figure 6.1d that as the GNP loading increases from 9 to 15 wt%, maximum tan δ occurs at 
higher frequencies. This indicates that the higher the GNP concentration, the more 
restricted the PBAT chains motions. 
The slope of tan δ versus frequency is negative for melts and positive for solids [140, 142]. 
Therefore, pure PBAT, PB3 and PB6 show a liquid-like behaviour over the entire 
frequency range while PB9 - PB15 exhibit both liquid- and pseudo-solid-like behaviours at 
180 °C depending on the frequency of deformation. 
 
Figure 6.2 Comparative illustration of G′ and G′′ of (a) PB6, (b) PB9 and (c) PB12 at 180 °C. 
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6.2.2 Effect	of	GNP	loading	on	PLA/GNP	nanocomposites	rheology	
Variations of G', G', η*, and tan δ of PLA/GNP nanocomposites versus frequency at 
180 °C are depicted in Figure 6.3. It is observed that the trends of viscoelastic properties of 
PLA with GNP loading are very similar to those of PBAT (Figure 6.1). Addition of GNPs 
significantly enhances the moduli of PLA over the entire range of frequency. At high 
frequencies ( > 10 rad/s), G' and G'' increase monotonically with increasing GNP loading. 
On the other hand, at lower frequencies, adding GNPs up to 9 wt% gradually improves the 
moduli but above 9 wt%, a sharp increase is observed in both G' and G'' and at 15 wt% 
GNPs they obtain values which are 4 and 2 decades higher than those of pure PLA, 
respectively. 
    
 
Figure 6.3 (a) G', (b) G'', (c) η*, and (d) tan δ PLA/GNP nanocomposites vs. frequency at 180 °C. 
(solid black lines in (a) and (b) demontsrate lines with slope of 1 and 2. Please note the difference 
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Pure PLA exhibits a typical liquid-like melt flow behaviour versus frequency, for which 
both of the moduli decrease with decreasing frequency with a clear terminal zone at low 
frequencies. GNP embedding reduces the frequency dependency of the moduli 
significantly. While G' and G'' of PL0 drop by 4 and 2.6 decades respectively with 
decreasing the frequency from 100 to 0.1 rad/s, they show a reduction of only 0.9 and 1.2 
decades respectively for PL15 over the same frequency range. Here again, the diminishing 
dependency of G' on frequency and the appearance of a plateau in the low frequency 
region of G' for GNP loadings of above 6 wt% is indicative of formation of a percolating 
network within the matrix. 
Complex viscosity of pure PLA exhibits a Newtonian plateau in the low frequency region 
and a shear-thinning behaviour at higher frequencies. Addition of up to 6 wt% GNPs does 
not alter the frequency dependency of PLA viscosity and only shifts the curve slightly 
upward. On the other hand, as the GNP loading is raised to 9 wt% and higher, the flow 
characteristics of the matrix are markedly changed.  
Tan δ values of PLA/GNP nanocomposites (Figure 6.3d) exhibit similar trends versus 
frequency as those of PBAT/GNP nanocomposites (Figure 6.1d). While tan δ of PL0 and 
PL3 have negative slopes over the entire range of frequency, tan δ of PL6 - PL15 exhibit 
both negative and positive slopes over the same frequency range. As the GNP loading 
increases from 9 to 15 wt%, the tan δ maximum happens at higher frequencies with its 
magnitude being reduced. Comparative variations of G' and G'' with frequency for 
PL9 - L15 are depicted in Figure 6.4. It can clearly be seen that as the GNP loading 
increases in the nanocomposite, G' and G'' obtain closer values and hence the maximum 
value of tan δ decreases and the frequency at which this maximum occurs shifts to higher 
frequencies. 
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Figure 6.4 G′ and G′′ of (a) PL9, (b) PL12 and (c) PL15 at 180 °C (S stands for slope). 
 
6.2.3 Effect	of	temperature	on	dynamic	rheology	of	PBAT/GNP	and	PLA/GNP	
nanocomposites	
6.2.3.1 Variations	of	storage	moduli	with	temperature		
Figure 6.5 illustrates the storage moduli of PBAT/GNP nanocomposites versus frequency 
at temperatures of 200 °C and 220 °C. In contrast to Figure 6.1a where only G' of PB15 
displayed a distinct plateau over the low frequency region, Figure 6.5a shows that at 
200 °C, PB12 also exhibits frequency independency at low frequencies (< 1 rad/s). As the 
temperature is raised to 220 °C, PB9 and PB6 demonstrate plateaux at low frequencies as 
well. Furthermore, the G' plateaux of nanocomposites with 15 and 12 wt% GNPs extend to 
higher frequencies with increasing temperature.  
       
Figure 6.5 Storage moduli of PBAT/GNP nanocomposites at (a) 200 and (b) 220 °C. 
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Figure 6.6 shows the storage moduli of PLA/GNP nanocomposites at 200 °C and 220 °C. 
By comparing Figure 6.6 with Figure 6.3a, several observations can be made. Firstly, at 
higher temperatures the G' plateau appears at lower GNP concentrations; At 180 °C, 
storage moduli of nanocomposites with GNP loadings of above 6 wt% display plateau 
while at 200 °C, PL6 exhibits a small plateau as well. Secondly, the storage moduli of 
PL6-PL15 show weaker frequency dependency at high temperatures. Considering PL6 and 
PL12 for example, G' drops by 3 and 0.5 decades respectively over the frequency range of 
0.05 - 100 rad/s at 200 °C while at 180 °C, these values are 4.5 and 1.5 decades, 
respectively.  
     
Figure 6.6 Storage moduli of PLA/GNP nanocomposites at (a) 200 and (b) 220 °C. 
 
6.2.3.2 Slopes	of	bi‐logarithmic	plots	of	G'	and	G''	versus	frequency	
Slopes of bi-logarithmic plots of G' - ω (α) and G'' - ω (β) in low frequency region 
( < 1 rad/s) at different temperatures are summarised in Table 6.1 and Table 6.2 for 
PBAT/GNP and PLA/GNP nanocomposites, respectively. The general trend observed is 
that at any temperature, α and β decrease with increasing GNP loading for both systems. 
As the temperature increases, pure matrices and their nanocomposites with low GNP 
content exhibit a more pronounced liquid-like behaviour, as it is expected for polymeric 
melts, with their α and β approaching 2 and 1, respectively. On the other hand, α and β of 
10-1
100
101
102
103
104
105
106
10-1 100 101 102
G
' (
Pa
)
Frequency (rad/s)
(a)
PL0 PL3
PL6 PL9
PL12 PL15
10-1
100
101
102
103
104
105
106
10-1 100 101 102
G
' (
Pa
)
Frequency (rad/s)
(b)
PL0 PL3
PL6 PL9
PL12 PL15
    114 
 
PB9-PB15 decrease with increasing temperature and α approaches zero for PB12 and 
PB15. Similar observation can be made for highly filled PLA/GNP nanocomposites in 
Table 6.2; α and β of PL6-PL15 decrease markedly with increasing temperature and obtain 
values very close to zero. Table 6.1 and Table 6.2 show that while the liquid-like behaviour 
(G' ∝ ω2 and G'' ∝ ω1) is enhanced for unfilled PLA and PBAT and their nanocomposites 
with low GNP loadings as the temperature is raised, highly filled PBAT/GNP 
nanocomposites (9 - 15 wt%) and PLA/GNP nanocomposites (6 - 15 wt%) demonstrate a 
more pseudo-solid-like behaviour (G' and G'' ∝ ω0) at elevated temperatures, in contrast to 
the ideal melts. 
 
Table 6.1  Slopes of bilogarithmic plots of G' and G'' versus frequency in the low frequency region 
(< 1 rad/s) for PBAT/GNP nanocomposites at different temperatures. 
Slope of logG'-logω(α) Slope of logG''-logω(β) 
160 °C 180 °C 200 °C 220 °C 160 °C 180 °C 200 °C 220 °C 
PB0 1.72 1.79 1.85 2.02 0.89 0.96 1.01 1.05 
PB3 1.53 1.68 1.86 1.75 0.89 0.94 1.00 1.05 
PB6 1.45 1.52 1.54 0.96 0.89 0.94 1.00 1.04 
PB9 1.30 1.06 0.89 0.11 0.90 0.92 0.97 0.63 
PB12 0.60 0.48 0.13 0.09 0.75 0.72 0.38 0.24 
PB15 0.37 0.12 0.11 0.08 0.47 0.32 0.18 0.16 
 
Table 6.2 Slopes of bilogarithmic plots of G' and G'' versus frequency in the low frequency region 
(< 1 rad/s) for PLA/GNP nanocomposites at different temperatures. 
Slope of logG'-logω(α) Slope of logG''-logω(β) 
180 °C 200 °C 220 °C 180 °C 200 °C 220 °C 
PL0 1.80 1.91 2.00 1.01 1.04 1.05 
PL3 1.63 1.77 1.87 1.00 1.02 1.02 
PL6 1.49 1.13 0.22 1.00 0.98 0.80 
PL9 0.54 0.07 0.04 0.86 0.55 0.32 
PL12 0.12 0.09 0.01 0.37 0.21 0.14 
PL15 0.03 0.03 0.02 0.21 0.08 0.00 
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6.2.3.3 Van	Gurp‐Palmen	plots	
The filler concentration beyond which the liquid-like behaviour (G' ∝ ω2, G'' ∝ ω1) is 
changed into solid-like behaviour (G' and G'' ∝ ω0) is referred to as the rheological 
percolation threshold. This liquid-solid transition can be determined from the 
Van Gurp-Palmen plots of the nanocomposites. A Van Gurp-Palmen plot relates the 
absolute value of the complex modulus (G*) to the loss angle (δ), where the liquid-like 
behaviour of melt is indicated by limீ∗→଴ ߜ	= 90º while for a solid, δ drops towards zero when 
approaching its plateau modulus G0 at low frequencies [209]. Figure 6.7 depicts the 
Van Gurp-Palmen plots of PBAT/GNP nanocomposites at four different temperatures of 
160, 180, 200 and 200 °C.  
 
 
Figure 6.7 Van Gurp-Palmen plots of PBAT/GNP nanocomposites at (a) 160, (b) 180 (c) 200 and 
(d) 220 °C. 
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At 160 and 180 °C, δ values of PB0-PB9 approach 90° at low complex moduli, indicating 
the dominant viscous state for these PBAT/GNP compositions. As the GNP loading is 
increased to 12 wt% and 15 wt%, δ deviates from 90° in the low modulus region. 
Therefore, the GNP percolation threshold in PBAT in the temperature range of 
160 - 180 °C is between 12 wt% and 9 wt%. At 200 °C, a small deviation from 90° can be 
seen in δ of PB9 at very low G*, which indicates that the percolation occurs in the vicinity 
of 9 wt% GNPs. With further increase in temperature to 220 °C, δ of PB9 exhibits 
significant deviation from 90°, starting from higher G* compared to what was observed at 
200 °C. δ of PB6 also marginally deviates from 90° at 220 °C, indicating that at this 
temperature the percolation threshold is between 6 and 9 wt% GNPs. 
Van Gurp-Palmen plots of PLA/GNP nanocomposites are demonstrated in Figure 6.8. At 
180 °C, δ values of PL0 - PL6 approach 90° at low G*. As the GNP loading is increased to 
9 wt%, δ deviates from 90° in the low modulus region. This behaviour becomes more 
pronounced for 12-15 wt% GNPs. Therefore, the GNP percolation threshold in PLA at 
180 °C is above 6 wt% and near 9 wt%. At 200 °C, a small deviation from 90° can be seen 
in δ of PL6 at very low G*, which indicates that the percolation occurs in the vicinity of 
6 wt% GNPs. With further increase in temperature to 220 °C, δ of PL6 exhibits significant 
deviation from 90°, starting from higher G* compared to what was observed at 200 °C, 
suggesting that the percolation happens below 6 wt%.  
 
Figure 6.8 Van Gurp-Palmen plots of PLA/GNP nanocomposites at (a) 180 (b) 200 and (c) 220 °C. 
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In conclusion, observations made in Figures 6.7 and 6.8 indicate that GNP percolation 
threshold in both PBAT/GNP and PLA/GNP systems is temperature dependent and it 
decreases with increasing temperature. 
As mentioned earlier, the filler concentration at which the dynamic moduli, in particular 
G', begin to exhibit frequency independency (plateau) in the low-frequency region, is 
considered as the percolation threshold and it marks the transition of rheological behaviour 
of melt from liquid-like to pseudo-solid-like. This transition has been commonly attributed 
to the formation of interconnected structures of anisometric fillers [150-153] within the 
matrix. For example, Pötschke et al. [150], who investigated the linear viscoelastic 
properties of polycarbonate/CNT composites, explained that nanotube-nanotube 
interactions begin to dominate the rheology of the system as the CNT loading increases. 
Interconnected structures of nanotubes start to form, eventually leading to a percolating 
network of nanotubes, which is responsible for the G' plateau in the low-frequency region. 
However, our observations (Figures 6.7 and 6.8) indicate that the rheological percolation 
threshold of GNPs in PBAT and PLA is temperature sensitive, decreasing with increasing 
temperature. In a later study on polycarbonate/CNT composites, Pötschke et al. [136] also 
observed temperature dependency for CNT percolation threshold. Kelarakis et al. [140] 
reported decreased percolation threshold of carbon nanofibers (CNFs) in ethylene-
propylene (EP) copolymer with increasing temperature as well. 
Such temperature dependency of percolation threshold suggests that the liquid-solid 
transition does not necessarily originate from a percolating network consisting of 
nanoparticles only. This was shown in the study by Pötschke et al. [136] who saw that the 
electrical conductivity of polycarbonate/CNT system was significantly low even when the 
system had reached its rheological percolation threshold. They concluded that at CNT 
concentration of rheological percolation, the density of physical contact between the 
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nanotubes was still low and that the nanotube-nanotube interactions could not be 
responsible for the rheological percolation at the temperatures they investigated. In another 
study on poly(ethylene oxide)/clay nanocomposites, Kelarakis and Giannelis [210] 
observed that as the temperature increased from 75 to 160 ºC, the system showed a more 
pronounced solid-like behaviour with the low-frequency G' plateau being extended to 
higher frequencies (~ 10 rad/s). To find out if a continuous network of nanoparticles was 
responsible for this observation, they studied the morphology of the quenched 
nanocomposites (after being subjected to thermal annealing at 160 ºC) via transmission 
electron microscopy (TEM). The TEM images did not support the development of such 
interconnected structures of nanoparticles. 
To explain the variation of the rheological percolation with temperature in filled polymeric 
systems, a combination of polymer-polymer, polymer-filler and filler-filler interactions has 
been proposed to be responsible for the percolating network within the matrix [136, 140]. 
These interactions are dependent on various parameters including the nanofiller geometry, 
loading concentration and distribution as well as the nature of the polymer matrix and the 
chemistry of the particles' surface [140]. For polycarbonate/CNT system (up to 
15 wt% CNTs), Pötschke et al. [136] suggested that the superposition of the entangled 
polymer network and the filler-polymer network dominates the rheological properties 
rather than the filler network; for the unfilled polymer, polymer-polymer interactions 
determine the system's relaxation in the low frequency region. At a specific temperature, 
with increasing the filler concentration, the polymer chains experience increased friction 
forces due to the impact of polymer-filler interactions. Therefore, the chains' motion is 
restricted and their relaxation is delayed and consequently the terminal relaxation 
frequency decreases [136, 140]. At enough high filler loadings, the density of the filler–
polymer network becomes higher than that of the entangled polymer network. The 
    119 
 
contribution of the polymer–polymer entanglement network to the properties is hidden and 
the G' plateau extends to even higher frequencies [136]. 
With increasing temperature, the rheological properties are dominated by the liquid-like 
behaviour of the melt (terminal zone). The values of G' and η* of the molten polymer are 
very low and therefore adding small amount of filler can result in significant changes in 
these properties. At lower temperatures, the level of G' and η* of polymer is already 
relatively high so that the viscoelastic contribution from the filler-polymer network to the 
total values of G' and η* is small and it only becomes obvious at much higher filler 
loadings [136]. It has also been suggested that the polymer-filler interactions might 
become stronger at elevated temperatures. Kelarakis et al. [140] mentioned that the molten 
polymer chains could be strongly adsorbed on the nanofiller surface (swell the particle) at 
higher temperatures and, hence, increase their apparent volume fraction. The polymer 
segments could be in contact, though not tightly bound, with the nanoparticles and form a 
dense layer in the interface between the adjacent nanofillers and act as bridges between the 
particles.  
The decreasing trend of percolation threshold in PBAT/GNP and PLA/GNP systems with 
increasing temperature also suggests that the rheological percolation of these systems is a 
result of the combination of polymer-polymer, polymer-GNP and GNP-GNP interactions 
and the contribution of each of these interactions to the overall rheological response of the 
system is dependent on the temperature as well as the GNP loading. However, the nature 
of the changes in these interactions with increasing temperature still requires further 
investigation. 
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6.2.4 Physical	gelation	
The liquid-solid transition in filled polymers can be considered as a kind of physical 
gelation, which follows the Winter-Chambon criteria of chemical gels [140]. A physical 
gel can be viewed as a percolated 3D network, in which the macroscopic connectivity 
arises from physical interactions instead of chemical bonds formed in chemical gels. The 
different interactions which are present between the constituent components in the 
nanocomposite govern the rheological dynamics of the system. As mentioned earlier, a 
variety of factors including the natures of nanofiller and polymer matrix, nanofiller 
concentration and its geometry affect these interactions. The physical cross-linking 
interactions, induced by nanofiller particles, result in the formation of a combined filler-
polymer percolating 3D network (physical gelation) within the nanocomposite, which is 
responsible for the pseudo-solid-like behaviour of the material.  
According to the Winter-Chambon method, the gel point (percolation threshold) can be 
determined from frequency independency of tan δ in the low frequency region. To 
determine the gel point (percolation threshold) of PBAT/GNP and PLA/GNP systems at 
the understudy temperatures, an alternative method to the frequency independency of tan δ 
in tan δ- frequency plot was used. In this method, gel point is determined by the 
observation of a frequency independent value of tan δ obtained from a multi-frequency plot 
of tan δ versus GNP concentration. This technique allows determination of the gel point 
without the system being exactly at its gel point [149]. The gel points of PBAT/GNP 
system at 160, 180, 200 and 220 °C are determined via the above mentioned technique, as 
illustrated in Figure 6.9a-d. Figure 6.10a-c shows determination of the gel points for 
PLA/GNP system at temperatures of 180, 200 and 220 °C. 
The general trend in Figure 6.9a-d and Figure 6.10a-c for each temperature is a steady 
decrease in tan δ with increasing GNP loading due to the relatively dominant contribution 
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of GNPs to G' than to G''. The decrease is most pronounced for the lowest frequency and 
the crossover point represents a frequency independent value of tan δ. The GNP loading at 
which this crossover point occurs is the percolation concentration at which the 
nanocomposite forms a gel at that specific temperature. The decrease in GNP percolation 
threshold concentration in PBAT/GNP and PLA/GNP nanocomposites with increasing 
temperature can be clearly seen from Figure 6.9a-d and Figure 6.10a-c, respectively. 
 
  
    122 
 
 
 
 
 
Figure 6.9 (a-d) Tan δ vs. GNP loading and (e-h) plot of G' (solid) and G''/tan(nπ/2) (dashed) for 
PBAT/GNP nanocomposites. 
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Figure 6.10 (a-c) Tan δ vs. GNP loading and (d-f) plot of G' (solid) and G''/tan(nπ/2) (dashed) for 
PLA/GNP nanocomposites. 
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With increasing GNP loading, the gelation temperature is found to shift to lower 
temperatures for both PBAT/GNP and PLA/GNP nanocomposites. It is also observed that 
at any temperature (180 - 220 °C), percolation occurs at lower GNP concentrations for 
PLA/GNP system compared to PBAT/GNP system. Figure 6.11b shows that the elasticity 
of the systems at gel point increases (lower n values) as GNP gelation concentration 
increases. Furthermore, the gel network at the gel point becomes stiffer with higher 
S values.  
 
Figure 6.11 (a) Critical gelation temperature, (b) relaxation exponent and (c) stiffness of 
PBAT/GNP and PLA/GNP critical gels as a function of GNP loading. 
 
6.2.5 Percolation	threshold:	rheological	and	electrical	
As seen in section 5.2.4, the electrical percolation threshold of both PBAT/GNP and 
PLA/GNP systems, determined by a sudden increase in electrical conductivity, happens at 
a GNP concentration of between 6 and 9 wt% (3.5 - 5.3 vol%). Since conductivity is in 
direct relation with the presence of conductive pathways within the material, the electrical 
percolation threshold can be considered as an indication of formation of interconnected 
structures of GNPs within the polymeric matrix. The SEM images in section 4.2 also 
demonstrated physical contact between the platelets at 9 wt% GNPs while at 6 wt% GNPs 
the platelets were still separated by the matrices. Therefore, morphological investigations 
of the systems also confirm that the establishment of pathways of GNPs within the 
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matrices starts between these two concentrations, as was suggested by the electrical 
percolation threshold. 
On the other hand, as discussed in detail in this chapter, the rheological percolation 
threshold of GNPs in PLA and PBAT, which is determined by the liquid-solid transition in 
the viscoelastic behaviour of the system, decreases with increasing temperature. In 
particular, percolation threshold of PLA/GNP system at 220 °C is found to be well below 
6 wt% GNPs (Figure 6.11a). This observations question the common practice of using 
rheological percolation threshold as an indication of formation of a percolating network of 
filler particles within the matrix. 
In conclusion, electrical percolation threshold might be a better indication of formation of 
percolating network of conductive particles. Furthermore, it seems that depending on the 
temperature of the rheological measurements, rheological percolation threshold maybe 
higher, lower or near the electrical percolation threshold. 
 
6.2.6 Anomalous	temperature	effect	on	rheological	behaviour	of	PBAT/GNP	and	
PLA/GNP	nanocomposites		
In addition to the decreasing trend of GNP percolation threshold in the understudy systems, 
some of the nanocomposites exhibited an unusual rheological behaviour with increasing 
temperature. Comparative illustration of the variations of the dynamic moduli and complex 
viscosity with temperature for PBAT/GNP and PLA/GNP nanocomposites are presented in 
Figure 6.12 and Figure 6.13, respectively. Pure PBAT and PLA exhibited behaviours 
similar to those of PB3 and PL3 respectively and therefore are not presented here for 
brevity. 
For PBAT/GNP nanocomposites it is observed from Figure 6.12 that for up to 6 wt% 
GNPs the viscoelastic properties of the nanocomposites exhibit normal temperature 
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dependency and continuously decrease with increasing temperature. On the other hand, G' 
of PB9 decreases as the temperature is raised from 160 °C to 200 °C but at 220 °C, it 
shows a plateau for frequencies below 1 rad/s and has higher values at 220 °C at these 
frequencies compared to lower temperatures. PB12 demonstrates a similar rheological 
behaviour with temperature. For PB15, it is observed that G' decreases with increasing 
temperature at high frequencies but over the low-frequency region, it does not show 
significant variations with temperature. Loss moduli of PBAT/GNP nanocomposites 
demonstrate temperature dependency similar to those of their corresponding G' but with 
smaller intensities. Consequently, complex viscosity (η*= ((G'/ω)2 + (G''/ω)2)1/2) shows a 
milder variation with temperature as compared to G'.  
Similar observations are made from Figure 6.13 for PLA/GNP system. The viscoelastic 
properties of PL3 decrease with increasing temperature. On the other hand, PL6 and PL9 
demonstrate an anomalous behaviour; while at high frequencies, G' decreases with 
increasing temperature, it obtains greater values at elevated temperatures over the low 
frequency region. It is also interesting to note that as the temperature increases to 220 °C, 
G' of PL6 shows a distinct plateau up to 1 rad/s but at lower temperatures G' continuously 
decreases with decreasing frequency. The frequency independency of G' of PL9 also 
extends to higher frequencies with increasing temperature. G' of PL12 however, does not 
show significant variation with temperature at low frequencies. Viscoelastic properties of 
PL15 had a temperature dependency similar to that of PL12. The changes in G'' and η* of 
PLA/GNP nanocomposites with temperature are found to be milder than those of their 
counterpart G'.  
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Figure 6.12 G', G'' and η* of PBAT/GNP nanocomposites as a function of temperature. 
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Figure 6.13 G', G'' and η* of PLA/GNP nanocomposites as a function of temperature. 
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To obtain a better picture of the effect of temperature on the relative variations of the 
elastic and viscous responses of the nanocomposites, tan δ of PBAT/GNP and PLA/GNP 
nanocomposites as a function of temperature is depicted in Figure 6.14 and Figure 6.15, 
respectively. Three distinct observations can be made from Figure 6.14. First, at any 
temperature, tan δ obtains smaller values with increasing GNP loading in PBAT as was 
seen in Figure 6.1d for 180 °C. Second, as the temperature increases from 160 to 220 °C, 
tan δ of pure PBAT, PB3 and PB6 increases over the entire frequency range, indicating 
that raising the temperature favours the viscous response (G'') and therefore promotes the 
energy dampening of the material. On the other hand, temperature has a more complex 
effect on PB9, PB12 and PB15. At high frequencies, tan δ values of these nanocomposites 
increase with increasing temperature but at lower frequencies, tan δ obtains smaller values 
at elevated temperatures, indicating that the elastic responses of these nanocomposites are 
more enhanced compared to their viscous counterparts with increasing temperature.  
 
 
Figure 6.14 Frequency dependency of tan δ of PBAT/GNP nanocomposites at various 
temperatures. 
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Lastly, the third observation is that for each nanocomposite which shows a maximum in its 
tan δ, the frequency at which this maximum occurs shifts to higher frequencies with 
increasing temperature, indicating the densification of the percolating network [211]. 
Therefore, these nanocomposites show a pseudo-solid like behaviour over a wider range of 
frequency at elevated temperatures compared to lower temperatures (positive slope of tan 
δ) in contrast to what is expected. 
Figure 6.15 shows that the variations of tan δ of PLA/GNP nanocomposites with 
temperature are similar to those observed in Figure 6.14 for PBAT/GNP nanocomposites. 
It is noteworthy to mention that the decreasing trend of tan δ with temperature is observed 
at 6 wt% GNPs in PLA as compared to 9 wt% GNPs in PBAT. 
 
 
Figure 6.15 Frequency dependency of tan δ of PLA/GNP nanocomposites at various temperatures. 
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has been observed [141, 142, 210, 212-214] and the authors have attributed the anomalous 
rheological behaviour to different processes. In a study on block copolymer/modified clay 
nanocomposites (polystyrene-block-hydroxylated polyisoprene/Cloisite 30B), Choi et al. 
[213] ascribed this observation to the order-disorder transition (ODT) in the block 
copolymer with temperature. In another study, Huang and Han [215] attributed the step-
wise increase in the complex viscosity of the nanocomposites based on liquid-crystalline 
polymer and natural and modified clay to the nematic-isotropic transition of the polymer 
matrix itself. Gelfer et al. [142] investigated a series of nanocomposites prepared by melt-
blending of Cloisite organoclays with ethyleneco-vinyl acetate (EVA) and ethylene-co-
methyl acrylate (EMA) and attributed the pseudo-solid-like behaviour of nanocomposites 
at elevated temperatures to the physical gelation due to the formation of a 3D network of 
clay tactoids. 
In a series of investigations, Lee and Han described in detail the low frequency/high 
temperature rheological changes observed for nanocomposites based on polycarbonate/ 
Cloisite 30B [141] and polystyrene-block-hydroxylated polyisoprene/Cloisite 30B [214]. 
They attributed the observed unusual increase in the viscoelastic properties with increasing 
temperature to an increase in the surface areas of organoclay platelets due to an enhanced 
compatibility, via hydrogen bonding, between the matrix and the organoclay. However, in 
their later study [212], Lee and Han observed similar rheological anomaly for two different 
systems: one with and one without hydrogen bonding. They ascribed this observation to an 
increase in the surface areas of layered silicates and explained that the increase in the 
surface area of layered silicates was realized by an enhanced dispersion (or exfoliation) of 
the clay aggregates as the temperatures increased. However, TEM and XRD investigation 
of the quenched specimens could not discern an improvement in the dispersion degree and 
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exfoliation of the silicate layers in the nanocomposites which were subjected to high 
temperature oscillatory shear flow experiments  [212]. 
Kelarakis and Giannelis [210] also reported significant increase in the dynamic moduli and 
complex viscosity of an organoclay-based system which had no possibility of hydrogen 
bonding and they concluded that hydrogen-bonding is not a precondition for the rise in 
viscosity observed at elevated temperatures. The authors suggested that the increase in 
viscoelastic properties at elevated temperatures is to be correlated with the internal fluidity 
of the system (thus the molecular weight and the end group chemistry of the matrix) and 
the level of polymer-nanoparticle interactions.  
The highly unusual effect of temperature on the linear rheological behaviour of 
PBAT/GNP and PLA/GNP nanocomposites may also be considered as a result of changes 
in the fluidity of the system with increasing temperature as well as the temperature 
dependence of the interactions between polymer chains and graphene nanoplatelets. 
Further investigation is however required to fully understand the mechanism behind the 
unexpected enhancement of the viscoelastic properties of GNP-based nanocomposites at 
elevated temperatures. 
6.2.7 Time‐temperature	superposition	
Based on the observations made so far, it is worth mentioning that the time-temperature 
superposition (TTS) principle, which is valid for thermorheologically simple materials 
[137], cannot be applied to highly filled PBAT/GNP and PLA/GNP nanocomposites. The 
superposition or split-up of Van Gurp-Palmen plots of a material at different temperatures 
can be used to determine the applicability or failure of TTS, respectively. TTS can only be 
used for a material when all contributing retardation or relaxation mechanisms of the 
material have the same temperature dependency and when stress magnitudes at all time or 
frequencies have the same dependency on temperature (thremorheologically simple 
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materials) [137]. As it can be seen in Figure 6.16, Van Gurp-Palmen plots for PB6 at 
different temperatures superimpose (as they did for PB0 and PB3 which are not shown 
here) while they split up for PB9 and PB12 (and PB15 which is not shown here). 
Figure 6.17 shows that for PLA/GNP system, the Van Gurp-Palmen plots split up even at 
6 wt% GNPs. Therefore, TTS fails for PB9 - PB15 and PL6 - PL15 over the investigated 
temperature ranges. The inapplicability of TTS to different polymers filled with various 
nanofillers including clay [141, 142, 216] and carbon nanofiber [140] has been previously 
reported. In some cases, TTS has even failed at filler loadings as low as 2 wt% [142].  
 
Figure 6.16 Loss angle (δ) versus complex modulus (G*) for PBAT/GNP nanocomposites at 
various temperatures. 
 
 
Figure 6.17 Loss angle (δ) vs. complex modulus (G*) for PLA/GNP nanocomposites at various 
temperatures. 
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6.3 Steady‐state	shear	measurements	
In this section the data obtained from steady shear oscillatory measurements for 
PBAT/GNP nanocomposites are presented. Steady shear rheology of PLA/GNP system has 
been previously studied by Narimissa et al. [135] who determined the variations of shear 
viscosity of PLA with GNP loading. Investigating the steady shear rheology of the 
understudy polymeric systems was not in the scope of the current research. However, after 
observing the unexpected behaviour of viscoelastic properties of the nanocomposites with 
temperature, steady shear measurements were carried out for PBAT/GNP nanocomposites. 
Effects of GNP concentration and temperature on the steady shear rheology of PBAT/GNP 
system were investigated. Figure 6.18 depicts the shear rate (ߛሶ) dependency of apparent 
shear viscosity (ηa) of PBAT/GNP nanocomposites. Pure PBAT shows a Newtonian 
plateau at low ߛሶ , followed by a shear-thinning behaviour. While PB3 and PB6 have higher 
ηa, they still follow the same shear rate dependency as that of PB0. With increasing GNP 
loading to above 6 wt%, a more significant increase is observed in the value of ηa and the 
Newtonian plateau diminishes at much lower ߛሶ . Furthermore, it is observed for highly 
filled nanocomposites that in spite of their significantly higher viscosities in the low-shear 
rate region, they exhibit viscosities comparable to or lower than viscosity of pure PBAT at 
higher shear rates. Similar observation has been previously made for PLA/GNP 
nanocomposites [135] as well. This might be due to polymer imprisonment between the 
nanoplatelets, causing the polymer to undergo a larger effective strain rate [135] and 
preferential orientation of GNPs or even anisotropic tactoids parallel to the flow direction 
at higher ߛሶ  [217].  
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Figure 6.18 Apparent shear viscosity of PBAT/GNP nanocomposites vs. shear rate at 160 °C. 
Increasing the temperature decreases the shear viscosities of pure PBAT and all its GNP 
nanocomposites (up to 15 wt% GNPs) in contrast to what was observed in dynamic 
measurements. Figure 6.19 shows the effect of temperature on ηa of PB6 and PB15 as 
examples. The decrease in viscosity with increasing temperature is due to the greater free 
space available for polymer chain motion at higher temperatures [218].  
 
Figure 6.19 Temperature dependency of the apparent shear viscosity of (a) PB6 and (b) PB15. 
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viscosity decrement [220]. By rewriting Arrhenius equation as Ln(ηa)=LnሺAሻ+ Ea RT⁄  , Ea 
values of PBAT/GNP nanocomposites were calculated from the slope of Ln(ηa) vs. 1/T 
curves at different shear rates and are summarised in Table 6.3. Figure 6.20 provides a 
better visualisation of the variations of Ea with GNP loading as well as shear rate. 
Ea is found to be dependent on the rate of deformation. Pure PBAT has an Ea of about 67 
KJ/mol over the Newtonian plateau which decreases to 43 KJ/mol as ߛሶ  is increased to 1 s-1, 
indicating that the temperature sensitivity of pure PBAT is more pronounced at low ߛሶ . This 
behaviour could be due to the increased alignment of the polymer chains in the flow 
direction at higher ߛሶ . Addition of 3 wt% GNPs to PBAT does not affect Ea appreciably. 
With increasing GNP concentration to 6 wt% and higher, Ea is observed to decrease and at 
15 wt% GNPs it becomes less than half of Ea of pure PBAT at ߛሶ  of 0.01 s-1. In contrast to 
this finding, many studies have reported significant increase in Ea with increasing filler 
loading [218, 220-224]. Detailed analysis of previous works, however, reveals that the 
increase in Ea with increasing filler content has been observed when the Ea calculations 
have been performed at high ߛሶ  (shear-thinning region) as in Refs. [218, 220, 224] while in 
the non-shear-thinning region, Ea decreases with addition of nanofiller as seen in Ref. 
[225] and the present study. 
Table 6.3 Flow activation energy of PBAT/GNP nanocomposites at various shear rates. 
 
 
Flow Activation Energy, Ea (kJ/mol) 
ߛሶ(s-1) 0.01 0.1 0.5 1 
PB0 66.7 66.9 54.4 43.2 
PB3 67.9 66.4 56.5 57.5 
PB6 59.6 56.7 46.1 35.0 
PB9 52.9 51.0 43.0 24.7 
PB12 33.1 40.5 38.2 23.2 
PB15 32.7 44.5 51.5 48.9 
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Figure 6.20 Flow activation energy of PBAT/GNP nanocomposites at various shear rates. 
 
Decreasing trend of Ea with increasing GNP concentration (at 0.01 s-1) suggests that as the 
amount of GNPs in PBAT increases, temperature sensitivity of the viscosity decreases. For 
a better evaluation, relative viscosity of PBAT/GNP nanocomposites is plotted in 
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macromolecules in the flow direction which in turn decreases the temperature sensitivity of 
their viscosities, leading to lower values of Ea at high ߛሶ . On the other hand, Ea behaviour of 
PB12 and PB15 versus ߛሶ  may be due to the role of matrix viscosity becoming more 
significant in the overall viscosity of the system as the networks of GNPs break down with 
increasing ߛሶ , leading to greater temperature sensitivity (higher Ea). But with further 
increase in ߛሶ , Ea begins to decrease since PBAT's viscosity loses its sensitivity to the 
temperature. 
 
Figure 6.21 Relative viscosity of PBAT/GNP nanocomposites versus GNP loading at different 
temperatures at shear rate of 0.01 s-1. 
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exhibited a decreasing trend in percolation threshold from 11.5 wt% at 160 °C to 7 wt% at 
220 °C. Such temperature dependency of percolation threshold suggested that the 
rheological percolation cannot originate only from network formation between the GNPs 
but may be due to a combined GNP-polymer gelling network.  
Furthermore, in contrast to the ideal polymeric melts, viscoelastic properties of some of the 
PLA/GNP and PBAT/GNP nanocomposites increased with increasing temperature. The 
unique rheological behaviour of PLA/GNP and PBAT/GNP nanocomposites with 
temperature could be attributed to the changes in the interactions between the platelets and 
the matrices with temperature, leading to a more pronounced pseudo-solid-like behaviour 
of these nanocomposites at elevated temperatures.  
In contrast to the dynamic rheological properties, shear viscosity of all PBAT/GNP 
nanocomposites decreased with increasing temperature. Arrhenius equation was used to 
describe the temperature dependency of the shear viscosity of the nanocomposites. The 
flow activation energy (Ea) values, determined for the nanocomposites, showed that Ea is 
dependent on the shear rate, and it decreases with increasing GNP concentration at low 
shear rates. Addition of 15 wt% GNPs reduced Ea of pure PBAT from 67 to 33 kJ/mol (at 
low shear rates). Consequently, temperature sensitivity of viscosity for the nanocomposites 
decreased with increasing GNP loading. 
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7Chapter	7	
Conclusions	and	Recommendations 
 
 
7.1 Conclusions	
The key findings of the present study can be briefly summarised into the followings: 
 Thermal and mechanical properties: 
Thermal characterisation via MDSC revealed that the glass and melting temperatures 
(second heating cycle) of the matrices did not vary considerably with GNP incorporation. 
However, their crystallisation temperatures (cooling cycle) increased significantly with 
GNP addition. GNP incorporation also affected crystallinity (Xc) of the two polymers. Xc 
of pure PLA increased from 29.6 % to 41.9 % by addition of 15 wt% GNPs. On the other 
hand Xc of PBAT decreased from 10.7 % to 5.1 % for the same increase in GNP loading. 
Young's moduli of both PLA and PBAT increased markedly with GNP addition but 
exhibited two different trends. Modulus of PBAT increased continuously with increasing 
GNP content from 0 to 15 wt%, reaching a value of five times higher than that of pure 
PBAT. On the other hand, modulus of PLA reached its maximum at 9 wt% GNPs, which 
was about twice that of pure PLA.  
 Thermal Stability: 
Thermal stability of both PLA and PBAT enhanced with GNP embedding. Two major 
observations were made in TGA temperature scans under nitrogen. First, the enhancement 
in thermal stability was more significant for PLA compared to PBAT, which can be 
attributed to the relatively better thermal stability of pure PBAT.  Secondly, effect of GNPs 
on delaying degradation of PLA became weaker when higher weight losses were 
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considered but for PBAT it became stronger. TGA data were analysed in two ways: one 
based on the initial weight of nanocomposites and one based on the initial weight of their 
polymer content. In the latter method, effect of GNP weight is eliminated from the 
calculations, which is important since GNPs are not degraded or burnt in nitrogen. Based 
on the latter method, it was observed that addition of 15 wt% GNPs increased the 
temperatures at which 5 % weight loss occurred in PLA and PBAT by 12.3 and 2.7 °C, 
respectively. Isothermal TGA tests under air (5 hours at 265 °C.) further demonstrated the 
significant effect of GNPs in lowering the degradation of PLA, which decreased from 
32.4 % in pure PLA to 17.6 % in PL15. PBAT was relatively stable at 265 °C and 
therefore no appreciable effect of GNPs could be detected. 
 Electromagnetic properties and EMI shielding performance: 
While magnetic permeabilities of the polymers were not affected by GNP incorporation, 
due to the non-magnetic nature of GNPs, their electrical properties were significantly 
enhanced. Dielectric constants of PLA and PBAT increased with increasing GNPs, 
obtaining comparable values for the same GNP loadings. On the other hand, dielectric loss 
of PLA nanocomposites with 9 - 15 wt% GNPs was markedly higher than that of PBAT 
nanocomposites. Variations of the complex permittivity of PLA and PBAT 
nanocomposites with GNP loading were successfully modelled by Sihvola's unified mixing 
rule. However, while PLA/GNP and PBAT/GNP systems produced close values for the 
model's fitting parameters, the model better fitted PBAT nanocomposites. 
As the GNP concentration increased from 6 to 9 wt% (3.5 to 5.3 vol%), an abrupt increase 
was detected in both AC and DC conductivities of both polymers, indicating the formation 
of conductive percolating networks of GNPs within the matrices. At 15wt% GNPs, AC 
conductivities of 7.4 and 3 S/m were obtained for PLA and PBAT nanocomposites 
respectively despite the higher conductivity of pure PBAT compared to that of pure PLA. 
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This difference was attributed to the better dispersion of GNPs in PBAT, which was also 
observed in the SEM images. Relatively poor dispersion of GNPs in PLA appeared to 
facilitate their physical contacts and led to higher conductivity values. 
EMI shielding effectiveness of the polymers enhanced markedly with GNP embedding as a 
result of better electrical properties. For 1 mm-thick samples the following observations 
were made. SET of PLA and PBAT increased with increasing GNP concentration. 
Frequency spectra of SET of the nanocomposites exhibited a decreasing trend with 
increasing frequency for high GNP loadings while at low concentrations, frequency 
independency was observed. PLA and PBAT nanocomposites showed comparable values 
of SET, with reflection being the primary shielding mechanism. However, they exhibited 
considerably different potentials for radiation absorption due to their different dielectric 
loss values; at 15 wt% GNPs, effective absorbances of 68 % and 43 % were obtained for 
1 mm-thick samples of PLA and PBAT nanocomposites, respectively. 
Evaluation of SET and contributions of reflection and absorption to EMI shielding of the 
nanocomposites with other thicknesses (1.5 and 2.8 mm) demonstrated that EMI shielding 
of the nanocomposites is also function of sample thickness and radiation frequency. It was 
observed that depending on the material's electromagnetic properties and the radiation 
frequency, a thinner sample can provide better EMI shielding effectiveness. Inverse of 
Nicolson-Ross method was used to simulate the reflected (R) and transmitted (T) powers 
of the nanocomposites over thickness range of 0 - 20 mm at mid X-band frequency to 
better understand the variations of the experimentally measured effect of thickness on R 
and T. These simulations showed that R and T of all the nanocomposites exhibit general 
decreasing and increasing trends respectively with periodic extrema (maxima and minima) 
as the thickness increases. When the sample thickness was an even multiple of quarter 
wavelength of the wave inside the material, the reflection and transmission powers were 
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minimised and maximised, respectively. On the other hand, when thickness was an odd 
multiple of quarter wavelength of the wave in the material, reflection and transmission 
became maximum and minimum, respectively. 
 Rheological behaviour:  
Viscoelastic properties of the matrices exhibited significant enhancement with GNP 
addition. Pseudo solid-like flow behaviour was observed for highly-filled samples while 
pure polymers and nanocomposites with low GNP loadings showed liquid-like behaviour. 
Interestingly, the liquid-solid transition (rheological percolation) was found to occur at 
lower GNP concentrations when the temperature was raised. Winter-Chambon gelation 
criterion was used to determine the rheological percolation threshold of GNPs in PLA and 
PBAT at different temperatures. GNP percolation threshold in PLA was found to drop 
from 8.5 wt% at 180 °C to 5.2 wt% at 220 °C. Similarly, percolation threshold of 
PBAT/GNP system decreased from 11.5 wt% at 160 °C to 7 wt% at 220 °C. The 
temperature dependency of percolation threshold suggested that the rheological percolation 
does not originate only from network formation between the GNPs but may be related to a 
combined GNP-polymer gelling network. 
Furthermore, in contrast to ideal melts, viscoelastic properties of some of the PLA/GNP 
and PBAT/GNP nanocomposites increased with increasing temperature. The unique 
rheological behaviour of PLA/GNP and PBAT/GNP nanocomposites with temperature 
may be due to the changes in the interactions between GNPs and the matrices with 
temperature, leading to a more pronounced pseudo-solid-like behaviour of these 
nanocomposites at elevated temperatures. 
Steady-state shear rheometry of PBAT/GNP nanocomposites revealed that in contrast to 
the dynamic rheological properties, shear viscosity of all PBAT/GNP nanocomposites 
decreased with increasing temperature. Variation of shear viscosity of nanocomposites 
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with temperature also showed that increasing GNP loading reduces the temperature 
sensitivity of viscosity, leading to an increase in the relative viscosity of nanocomposites 
with increasing temperature. Arrhenius equation was used to describe the temperature 
dependency of shear viscosity of the nanocomposites. The flow activation energy (Ea) 
values determined for the nanocomposites showed that Ea is dependent on shear rate, and it 
decreases with increasing GNP concentration at low shear rates.  
7.2 Contribution	to	knowledge	
The present research has for the first time investigated the variations of the dynamic 
viscoelastic properties, obtained from frequency sweep, of GNP-based nanocomposites 
with temperature. This research showed that the rheological percolation threshold of such 
systems is temperature sensitive. Therefore, when investigating the formation of physical 
contacts between the platelets within the matrix by rheological method, effect of 
temperature should be taken into account. In addition, this research showed that depending 
on the GNP loading, a GNP-based nanocomposite may exhibit unusual increments in its 
viscoelastic properties with increasing temperature. It is speculated that the unique 
rheological behaviour of GNP-based nanocomposites with temperature is due to the 
variations of the interactions present in the system, in particular filler-polymer interactions, 
with temperature. However, further investigation is required to fully understand the 
temperature dependency of such interactions and the mechanism behind the unexpected 
enhancement of the viscoelastic properties of GNP-based nanocomposites at elevated 
temperatures. 
The present research investigated the applicability of Sihvola's unified model to GNP-
based nanocomposites for the first time, and the result was promising. This is important in 
terms of predicting the electrical permittivity of nanocomposites at any desired GNP 
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loading. However, it should be noted that in the current study only two systems and up to 
15 wt% of GNP loading were investigated. Therefore, further research is required before 
making a general statement about capability of this model in describing the electrical 
permittivity behaviour of GNP systems. 
The present research also studied the EMI shielding performance of GNP-based 
nanocomposites obtained by melt-mixing of GNPs in two thermoplastic polymers. This 
research analysed the different behaviours of the two systems in terms of their potential to 
reflect and absorb electromagnetic radiation with regard to the variations of their 
electromagnetic properties with GNP concentration. Effect of sample thickness on 
radiation reflection and absorption of GNP-based nanocomposites was both experimentally 
and theoretically studied in the present research for the first time. 
The current research also presented a very systematic comparison between various 
properties of two GNP systems, which have different matrices. This research showed that 
poorer dispersion of GNP in a matrix can favour the electrical conductivity, as a result of 
more physical contacts between the platelets. It was also observed that dielectric constants 
of two systems with different degrees of GNP dispersion was mainly dependent on GNP 
loading while the dielectric loss values were dependent on both GNP loading and their 
dispersion degree. 
7.3 Recommendations	
Considering the gaps in the literature and based on the findings of the current study, 
following topics are suggested for future research. Investigating these areas can 
significantly promote the knowledge on GNP-based nanocomposites and provide valuable 
information on these systems regarding tuning their properties. 
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 Considering that the properties of nanocomposites are greatly influenced by the 
dispersion state of the nanofiller particles in the matrix, it is suggested that further 
research be conducted on morphology of PLA/GNP and PBAT/GNP nanocomposites. 
This will provide insight into the interactions between the platelets and different 
matrices, leading to a better understanding of GNP dispersion mechanism in these 
polymers. 
 Studying the localisation of GNPs in one phase in PLA/PBAT blends and determining 
its effect on the dielectric properties and electrical conductivity of the system. 
 Studying the relation between GNP degree of dispersion and electromagnetic 
properties of the nanocomposites by systematically controlling the degree of GNP 
dispersion in the same polymer to ensure that the matrix itself is not a variable in the 
experiments. 
 The current research has demonstrated that GNP embedding alters the degree of 
crystallisation of PLA and PBAT. Investigating the relationship between structural 
features and crystallisation kinetics due to addition of the nanofiller to the matrix is 
required from a fundamental viewpoint for isothermal and non-isothermal processing 
operations. 
 Investigating the EMI shielding effectiveness and contributions of reflection and 
absorption mechanisms of multi-layer structures of GNP-based nanocomposites with 
each layer having different GNP concentrations. 
 Investigating the performance of other processing methods such as extrusion for 
preparation of GNP-based nanocomposites and the effect of processing method on the 
nanocomposites' properties. 
 Optimising the processing conditions of GNP-based nanocomposites based on the 
desired properties for the nanocomposites.  
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